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FRETs of human ether-a-go-go-related gene (HERG) potassium channels constitutes a
key determinant of activation and deactivation characteristics and is necessary for hormone-induced
modiﬁcations of gating properties. However, the general organization of the long amino and carboxy HERG
terminals remains unknown. In this study we performed ﬂuorescence resonance energy transfer (FRET)
microscopy with a library of ﬂuorescent HERG fusion proteins obtained combining site-directed and trans-
poson-based random insertion of GFP variants intomultiple sites of HERG. Determinations of FRET efﬁciencies
with functional HERG channels labeled in different combinations localize the ﬂuorophores, introduced in the
amino and carboxy ends, in two quadratic planes of 7.8 and 8.6 nm lateral size, showing a vertical separation of
nearly 8 nmwithout major angular torsion between the planes. Similar analysis using labels at positions 345
and 905 of the amino and carboxy terminals, located themslightly above the planes delimited by the amino and
carboxy end labels, respectively. Our data also indicate an almost vertical arrangement of the ﬂuorophores
introduced in the NH2 and COOH ends and at position 905, but a near 45° angular rotation between the planes
delimited by these labels and the 345-located ﬂuorophores. Systematic triangulation using interﬂuorophore
distances coming frommultiply labeled channels provides an initial constraint on the overall in vivo arrange-
ment of the HERG cytoplasmic domains, suggesting that the C-linker/CNBD region of HERG hangs centrally
below the transmembrane core, with the initial portion of the amino terminus around its top and side surfaces
directed towards the gating machinery.
© 2008 Elsevier B.V. All rights reserved.1. Introduction
The human-ether-a-go-go related gene encodes a channel (HERG)
that is a member of the EAG family of voltage-dependent potassium
channels, molecularly characterized by a pore-loop transmembrane
region [1] assembled in a tetramer of four identical (or similar) sub-
units surrounding a central pore [2]. To this basic pattern of the central
transmembrane structure, two general arrangements of cytoplasmic
modules have been added through evolution. In the prototypical Kv
voltage-dependent K+ channels, an amino terminal T1 domain
corresponding to a symmetrical tetrameric structure is located below
the transmembrane core, determining the subunit assembly and the
attachment of accessory β-subunits and other modulators. Little is
known about themolecular organization of the remaining cytoplasmic
domains [2–6]. In a second group of channels, including those gated by
intracellular ligands, hyperpolarization-activated channels, sensory
stimuli-sensitive TRP channels and depolarization-gated KCNQ andl rights reserved.EAG/erg K+ channels, the T1 domain is lacking and sometimes is subs-
tituted by a C-terminal four-fold symmetrical structure hanging below
the core [2,7–9]. In these cases, the relative arrangement of the amino
terminals and/or the rest of the cytoplasmic domains between them
and with respect to the channel core remains unknown.
In HERG channels, the general organization of the cytoplasmic
domains remains obscure. Sequence conservation between HERG and
HCN channels would be consistent with a localization of the carboxy
terminal C-linker/CNBD as a compact tetrameric structure in a central
position immediately below the cytoplasmic pore opening as has been
previously proposed for HCN and TRP channels [8–10]. Indeed, a
participation of this region in the tetrameric assembly of HERGhas also
been proposed [11]. However, only defective trafﬁcking to the plasma
membrane but not an impaired ability to assemble into tetramers has
been demonstrated for channels lacking the CNBD or different sections
of the carboxy terminus of HERG [11–15]. A compact oligomeric amino
terminal EAG/PAS domainwould also be compatiblewith the ability of
this region to form tetramers in vitro in the absence of the rest of the
protein, and to inhibit the functional expression of wild-type HERG
[16]. It has also been shown that N-terminal interactions are involved
in the heteromeric assembly of HERG 1a and 1b subunits [17]. How-
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[18], and channels truncated at residue 725 of the carboxy terminus are
not able to assemble in spite of the presence of an intact EAG/PAS
domain [11]. It has also been shown that HERG N-terminal truncations
that delete the EAG/PAS domain still allow the formation of functional
channels in the plasma membrane [18–22].
Voltage sensors and gating elements have been mapped to the
transmembrane region of voltage-gated potassium channels. How-
ever, the amino- and carboxy-terminal cytoplasmic domains also play
a key role in activation and deactivation gating of these channels (for
reviews see [7,23,24]). This can be particularly signiﬁcant for HERG,
since it operates as an inward rectiﬁer although it has the typical
molecular arrangement of depolarization-activated channels [25].
Such a kinetic behaviour is critical for normal cardiac repolarization
and setting electrical parameters in a variety of cells [reviewed in
26–28]. As in other voltage-dependent K+ channels, voltage sensors
and gating elements in HERG are located within the core transmem-
brane region [29–34]. However, it is also known that the initial part of
the HERG N-terminus determines its slow deactivation [18,20–
22,35,36], and that the presence of a structurally intact proximal do-
main, also in the amino terminus, is essential for maintenance of
normal activation properties and hormonal modulation of activation
and deactivation parameters [21,37–39]. Therefore, unravelling the
general structure of those HERG cytoplasmic regions associated with
its gating is important for understanding how this channel controls
fundamental physiological events such as cardiac rhythm and
contraction, hormone secretion, and tumour cell proliferation [26–28].
Given the importance of knowing the relative position and the
structural organization of HERG intracellular structures, in this report
we have tried to get some insight into the basic architecture of the
amino and carboxy HERG terminals in vivo. For this purpose we
generated a library of HERG ﬂuorescent fusion proteins useful for
ﬂuorescence resonance energy transfer (FRET) microscopy studies,
combining the directed insertion of the labels in speciﬁc positionswith
a random insertion of the cyan (CFP) and yellow (YFP) variants of the
green ﬂuorescent protein (GFP) into multiple sites by a transposon-
based technique [40,41]. Next we performed an electrophysiological
screening of the library looking for correctly assembling constructs
that might provide insights about the positioning and functional
implications of some speciﬁc regions in the context of the whole
channel. Also, donor de-quenching following photobleaching of the
acceptor ﬂuorophore was used for a quantitative determination of
FRET efﬁciencies [42–46] of several library constructs. Subsequent
estimation of interﬂuorophore distances and the performance of
“multiple molecular triangulation” with ﬂuorophores located at va-
rious positions provided a useful initial constraint on the coarse
structure of the channel tetramer, clarifying the relative arrangement
of some key landmarks on the cytoplasmic ends of HERG.
2. Materials and methods
2.1. CFP/YFP tagging of HERG channels
The original plasmid construct containing the cDNA of the HERG
channel was a gift of Dr. E. Wanke (University of Milan, Italy). To gene-
rate HERG channels N-terminally labeled with the enhanced yellow
(EYFP) or cyan (ECFP)ﬂuorescent protein (subsequently namedYFP and
CFP throughout the text) a Hind III/BamHI cDNA fragment containing
the entire coding region from HERG was cloned into pEYFP-C1 and
pECFP-C1 vectors (Clontech) in-frame with the ﬂuorescent protein
sequence. For this purpose a forward primer containing a HindIII
recognition site and the coding sequence corresponding toHERG amino
acids 1–7 (5′-GGAAGCTTTCATGCCGGTGCGGAGGGGCCAC-3′) was used
in PCR reactions with a reverse primer containing the coding sequence
corresponding to amino acids 370–378 and covering the unique BstEII
site. The resulting PCR product was digested with HindIII/BstEII, gelpuriﬁed and ligated into HindIII/BstEII-digested wild-type HERG in the
pSP64A+ vector. The puriﬁed HindIII/BamHI fragment obtained from
this constructwas subsequently cloned into the pEYFP/ECFP-C1vectors.
A similar strategy was used to generate C-terminally labeled HERG
channels using the pECFP-N1 and pEYFP-N1 vectors (Clontech). In this
case it was necessary to construct ﬁrst a HERG cDNA with an EcoRI
recognition site instead of the stop codon at the end of the coding
sequence. A forward primer containing the coding sequence corres-
ponding to amino acids 859–867 was used in PCR reactions with a
reverse primer containing the coding sequence for amino acids 1151–
1159 and the EcoRI recognition site (5′-GGGAATTCCTGCCCGGGTCCG-
AGCCGTGTCTGTG-3′). The resulting PCR product was digested with
SacI/EcoRI, puriﬁed and ligated into the corresponding sites of wild-
type HERG. Finally the Hind III/EcoRI cDNA fragment from this
modiﬁed construct was cloned into the pECFP/EYFP-N1 vectors.
TheHERGchannelswithCFPor thevenusvariantof YFP (VFP) inserted
at different internal positions of the coding sequence were obtained by
random insertion with an in vitro transposition system using a Tn5-
derived hyperactive transposon carrying the ﬂuorescent protein coding
sequence for CFP or VFP as previously described [40,41]. These two
transposons (TcPT-1encodingCFPandTvPT-0encodingVFP)usedifferent
reading frames to increase the chance of insertion yielding functional
proteins [40]. Given the low probability of transposition in an in vitro
reaction, the transposons also include as selective marker a kanamycin
resistance gene (Kanr) ﬂanked by SrfI restriction sites that can be used to
subsequently remove it. Two independent invitro transposition reactions,
one for each transposon,were carried out containingmolar equivalents of
the PCR-ampliﬁed transposon and the target plasmid (carrying the cDNA
of wild type HERG) with EZ::TN transposase (Epicentre Technologies).
After the transposition reaction and transformation, the transposed
clones expressing dual antibiotic resistance to ampicillin (transformed
clones) and kanamycin (marker for transposition) were transiently
expressed in HEK293 cells to identify and select correctly orientated in-
frame insertions by following the appearance of ﬂuorescent fusion
proteins. The Kanr cassette was further removed by digestion with SrfI
and religation to obtain the full-length fusion constructs. Sequencing and
transient expression of each fusion protein was used to conﬁrm proper
insertion of the ﬂuorescent protein into the HERG coding sequence and
correct folding of the ﬂuorophore regardless of the insertion site. Two
collections of HERG ﬂuorescent fusion proteins containing either CFP or
VFP randomly inserted all along the channel coding sequence were thus
generated.Additionally, someof theﬂuorescent fusionchannel constructs
from each collectionwere subsequently used as a base for the generation
of identical constructs carrying the complementary ﬂuorophore. For this
purpose, PCR fragments containing the coding sequence of CFP and VFP
ﬂuorescent proteins were generated using as template the plasmids
containing both transposons [40]. After digestionwith AscI and SrfI these
PCR products were ﬁnally used to replace in the ﬂuorescent fusion
channel constructs the corresponding AscI/SrfI fragment containing the
complementary ﬂuorophore.
To generate HERG channels N and C-terminally double labeled with
both CFP and V/YFP ﬂuorescent proteins, HindIII–BstEII restriction
fragments from channel fusion constructs carrying the ﬂuorescent label
located in the amino end were used to replace the corresponding
segment in HERG ﬂuorescent constructs having the complementary
ﬂuorophore in the caboxy end. In other cases, BstEII–BamHI fragments
from ﬂuorescent fusion channels containing the ﬂuorophore in the C-
terminal domain were used to replace the corresponding wild type
fragment in constructs carrying the complementary ﬂuorophore in the
N-terminal region.
2.2. Cell culture and transfection
Human embryonic kidney (HEK293) and Chinese hamster ovary
(CHO) cells were grown at 37 °C in a humidiﬁed atmosphere of 95% air
and 5% CO2 and plated in 35-mmdiameter tissue culture plastic dishes
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constituted the bottomof a recording chamber for electrophysiological
and FRET measurements. The culture medium consisted of Dulbecco's
modiﬁed Eagle's medium nutrient mixture F-12 Ham's (DME/F12 1:1
mixture, Sigma) supplemented with 100 U/ml penicillin, 0.1 mg/ml
streptomycin and 10% fetal bovine serum. Cells trypsinized 24 h prior
to transfection seeded on poly-L-lysine-coated coverslips were
transiently transfected using Lipofectamine 2000 (Invitrogen) with
2–5 µg of plasmid DNA containing either the individual constructs or
the co-transfected CFP- and V/YFP-labeled constructs in an approxi-
mately 1:3 relationship to maintain a proper molar ratio of expressed
donor and acceptor ﬂuorophores, ensuring that most of the cells
contained at least one acceptor-labeled subunit per donor molecule.
The mixture of DNA and Lipofectamine was incubated in serum-free
medium for 20 min and added to the plates with the cells in serum-
containing medium without antibiotics. Recordings were typically
performed 24–48 h after transfection. Electrophysiological character-
ization of the constructs was systematically performed in transfected
HEK293 cells because they are easier to patch and remain more stable
during recordings. As previously reported [47] additional non-HERG
outward currents are frequently detected in these cells during
depolarizing steps, in which the magnitude and the degree of
inactivation and/or rectiﬁcation of the elicited currents are highly
variable. However, the contribution of the endogenous currents is
negligible along the tail current time course. Therefore, by limiting the
analysis to the tail currents, only HERG current characteristics would
be analysed. Since analogous current parameters were obtained when
CHO cells were used, data from both cell types were pooled in the
Tables. Due to their higher transfection efﬁciency providing an easier
co-localization of several cells in themicroscopy ﬁeld, transfected CHO
cells were typically used for FRET measurements.
2.3. Acquisition and analysis of ionic current data
Ionic current recordings in HEK293 and CHO cells were performed at
room temperature in the whole-cell conﬁguration of the patch-clamp
technique. To improve the quality of the seals and the stability of the
recordings, cellswere sometimesmildly trypsinized and seeded onpoly-
L-lysine-coated coverslips to beused for analysiswithin 2–6h.No change
in the qualitative or quantitative characteristics of the cell currents was
introduced by this procedure. Patch pipettes with tip resistances of 3–
5 MΩ were pulled from borosilicate or Kimax disposable micropipettes
(Boralex, Rochester Scientiﬁc, NY; Fisherbrand, Fisher Scientiﬁc, Pitts-
burg, PA or Kimble glass Inc. Vineland, NJ). The standard extracellular
saline contained (in mM): 137 NaCl, 4 KCl, 1.8 CaCl2, 1 MgCl2, 10 glucose,
and 10 HEPES (pH 7.4 with NaOH). The pipette solution contained (in
mM): 140 KCl, 2 MgCl2, 0.7 CaCl2, 1.1 EGTA, and 10 HEPES (pH 7.4 with
KOH). An EPC-7 patch-clamp ampliﬁer (HEKA Elektronic, Lambrecht,
Germany) was used to record membrane currents. Stimulation and data
acquisition were controlled with the Pulse+ PulseFit software (HEKA
Elektronic) running on Macintosh computers. Ionic currents sampled at
1 kHz were elicited using the voltage protocols indicated in the ﬁgures.
Data analysis and exponentialﬁts to ionic currents were performedwith
the programs PulseFit and Igor-Pro (WaveMetrics Inc., Lake Oswego, OR,
USA). A P/nmethodwas used for leak and capacitive current subtraction.
Kinetic parameters of activation and deactivation were obtained as
previously described [21,38,47]. When tail current analysis was used for
studying activation voltage dependence, tail current magnitudes
normalized to maximum following 1 s depolarizations were ﬁtted with
a Boltzmann function to estimate the half-activation voltage (Vhalf) and
equivalent gating charge (zg):
Itail=Imax ¼ 1= 1þ exp Vhalf−Vð ÞZgF=RT
   ð1Þ
where V is the test potential and F, R and T are Faraday constant, gas
constant and absolute temperature, respectively. The time course ofactivation was monitored using an indirect envelope of tail current
protocol [21,38,47], varying the duration of the depolarization pulse
and following the variation in the magnitude of the tail currents
recorded after going back to a negative voltage. The time necessary to
reach a half-maximal tail current magnitude was used to compare the
speed of activation of the different channels. Deactivation parameters
were obtained from tail currents upon membrane repolarization at
the indicated potentials, following 1 s depolarization pulses to +40mV
that displaced the channels to open (and inactive) states. The time
constants of deactivation were determined from negative-amplitude
biexponential ﬁts to the decaying phase of the tail currents using a
function of the form:
Y ¼ Af exp −T=τf
 þ As exp −T=τsð Þ þ C ð2Þ
where τf and τs are the time constants of fast and slow components,
Af and As are the relative amplitudes of these components, and C is a
constant. In this case, the ﬁrst cursor of the ﬁtting window was
advanced to the end of the initial hook due to the recovery of
inactivation.
2.4. FRET measurements
FRET measurements were performed in CHO cells bathed in
standard extracellular saline following the increase (dequenching) in
donor (CFP) ﬂuorescence signal during incremental photobleaching
of acceptor (V/YFP). Background ﬂuorescence of both ﬂuorophores
was determined from a region of the same ﬁeld located outside the
cell and the averaged pixel intensity of this area was subtracted from
the mean intensities measured in the regions of interest correspond-
ing to the individual ﬂuorescent cell areas. A Zeiss Axiovert 100
microscope with a 40×/0.75 Plan-NeoFluar objective (Carl Zeiss) was
used. The ﬂuorescence imaging system (Till-Photonics, Gräfelﬁng,
Germany) consisted of a monochromator Polychrome IV, a dual band
CFP/YFP ﬁlter set and a 12-bit CCD camera (IMAGO) combined with
a DUAL-View Micro-Imager (Optical Insights, Santa Fe, USA) for dual
emission image acquisition. Control of monochromator and camera
as well as image recording and processing were performed with
TILLvisION software (Till-Photonics). The standard acceptor bleach
protocol consisted of 30 cycles every 2 s with 50–100 ms of
exposure of donor and acceptor near their excitation maximum (at
440 and 515 nm, respectively) to detect CFP and V/YFP ﬂuorescence
without V/YFP-bleaching, followed by 180–240 additional cycles
separated by periods in which the V/YFP remains permanently
illuminated at 515 nm to photobleach it. Linear regression was used
to obtain the steady-state values of FCFP increase from scatter plots
of CFP ﬂuorescence increase versus FYFP decrease with incremental
bleaching for each cell. Photoconversion of V/YFP into CFP-like
species was negligible under our photobleaching conditions as
evidenced by the total absence of ﬂuorescence in the CFP channel
when cells expressing exclusively V/YFP-labeled proteins were
submitted to the standard acceptor bleaching protocol. Individual
cells showing dim ﬂuorescence leading to very low signal-to-noise
ratios and those in which the ﬂuorescence of V/YFP did not average
at least 13 or 10 fold that of the lower intensity CFP probe,
respectively (see below), were discarded to prevent low acceptor-to-
donor ratio contributing to uncontrolled and reduced FRET signals.
This implies that almost exclusively 2:2 and/or 1:3 CFP:V/YFP-tagged
subunit stoichiometries will contribute to FRET in the HERG tetra-
meric structure. Quantitative FRET levels were expressed as FRET
efﬁciency (EFRET), deﬁned as the proportion of the excited states of
the donor that become transferred to the acceptor. As previously
pointed out [43,46,48,49] the true or “maximal” FRET efﬁciency can
be obtained from donor dequenching ﬂuorescence data as the
product of the measured or “apparent” efﬁciency and αD, the
1684 P. Miranda et al. / Biochimica et Biophysica Acta 1783 (2008) 1681–1699fraction of total donor molecules forming donor-acceptor complexes,
according to the expressions:
EFRET ¼ EFRET ðAPPÞαD ¼ 1− FDA=FDð Þ½ αD ð3Þ
in which FDA and FD are the ﬂuorescence intensities of the donor
before and after complete photobleaching of the acceptor, respec-
tively, and αD would correspond to DA/(D+DA) or the fraction of
donor-acceptor complexes (DA) with respect to total donor molecules
[free (D) plus complexed (DA) donors]. In our case, the contribution of
the αD factor was minimized i) systematically converting the
ﬂuorescence intensities into molar ratios by normalizing the intensity
ratios to those of a donor-acceptor tandem imaged at the same
settings, and excluding from the analysis those cells showing a low
acceptor to donor ratio, and ii) by systematic subtraction of signals
coming from donor molecules co-expressed with non-interacting
acceptor pairs. Measuring donor ﬂuorescence changes as a function of
time during the bleaching process and extrapolation of ﬂuorescence
intensity to zero acceptor level [45,50] also eliminated the inﬂuence of
incomplete acceptor bleaching [49] in donor ﬂuorescence increases.
To estimate distances from the intrasubunit FRET measurements
the conventional formulas
EFRET ¼ Ro6=ðRo6 þ d6Þ ¼ ðRo=dÞ6=1þ ðRo=dÞ6 ð4Þ
and
d ¼ RoðEFRET1  1Þ1=6 ð5Þ
were used in which d corresponds to the interﬂuorophore distance
and Ro (the Förster distance) is the distance at which the FRET
efﬁciency (EFRET) is 50%. Ro was taken as 5 nm for the CFP:V/YFP pair
[48,51,52] assuming an orientation factor of 2/3 corresponding to a
random interﬂuorophore orientation. Unless otherwise indicated the
distance estimates from the FRET efﬁciencies were interpreted in a
two-dimensional way by assuming that the ﬂuorophores located at
identical positions in different subunits were located in an x–y plane
parallel to the cell membrane due to maintenance of a fourfold
symmetry of the channels around the central pore.
Due to the several geometries adopted by the ﬂuorophores in the
tetrameric channel structures, two general situations were considered
for the EFRET expressions as a function of the donors and acceptors
present in a single oligomeric molecule [53,54]. Thus, for the case of a
donor surrounded by several acceptors at distances d1 to dn, the
averaged EFRET is given by:
EFRET ¼ Ro6 1=d61 þ 1=d62 þ ::::þ 1=d6n
  
=1
þ Ro6 1=d61 þ 1=d62 þ N þ 1=d6n
   ð6Þ
also meaning that for n equivalent acceptors at the same distance, an
operational nRo6 factor can be used. On the other hand, for several
donors surrounding one acceptor, the averaged EFRET is the average of
the transfer efﬁciency originating from each donor:
EFRET ¼ EFRET D1ð Þ þ EFRET D2ð Þ þ N þ EFRET Dnð Þ½ =n ð7Þ
or
EFRET ¼ 1=n½ððRo=d1Þ6=1þ ðRo=d1Þ6Þ þ ððRo=d2Þ6=1Þ
þ ðRo=d2Þ6 þ N þ ððRo=dnÞ6=1þ ðRo=dnÞ6Þ ð8Þ
Application of these mathematical expressions to different
donor:acceptor combinations and determination of the correspond-
ing EFRET vs. distance curves are detailed in the ﬁgures. Equivalent
expressions and procedures for the estimation of vertical distances
between the square planes delimited by ﬂuorophores located in two
different positions are also shown in the ﬁgures. According to thePythagorean theorem, the interﬂuorophore distance for two diag-
onally located labels in the same plane will correspond to 1.4142d in
which d represents the adjacent distance between ﬂuorophores
arranged in a quadratic symmetrical way and 1.4142 stands for the
square root of 2. Equivalent triangulations using the Pythagorean
theoremwere performed to calculate interﬂuorophore distances as a
function of the vertical separation between the planes delimited by
labels introduced in two different positions of the channel sequence.
2.5. Statistics
All data are presented as the mean±S.E.M. for n number of cells
and the number of transfections indicated by N. Statistical signi-
ﬁcance was tested with the unpaired two-tailed Student's t-test.
Extrapolation of EFRET deviations to distance error values was per-
formed applying the propagation of errors method to the distance
estimations using the aforementioned equations and the experi-
mentally determined EFRET. The uncertainty calculator (http://www.
takesomeshortcuts.com/sigdig/sigdigs.shtml) was used for this
purpose.
3. Results
3.1. Generation and functional expression of libraries of ﬂuorescent HERG
fusion proteins with cyan and yellow variants of GFP
To obtain a number of constructs carrying ﬂuorescent proteins
inserted intomultiple sites of the HERG channel protein large enough
to support our experimental approach, we used a transposon-based
technique in which the sequence of either the cyan ﬂuorescent
protein (CFP) or the venus variant of the yellow ﬂuorescent protein
(VFP) contained in a modiﬁed hyperactive Tn5 transposon were
randomly inserted into the HERG coding sequence by in vitro
transposition reactions ([40,41]; see also Materials and methods for
details).When these transposonswere inserted into the HERG coding
sequence in the correct orientation and reading frame they produced
ﬂuorescent channel fusion proteins. Following in vitro transposition
reactions, transformation and selection of successfully transposed
clones, we initially screened 1728 clones (864 CFP and 864 VFP
transposed recombinants) for ﬂuorescence by transient expression in
HEK293 cells. From the 189 constructs that produced ﬂuorescent
fusion proteins, 68 recombinants were discarded due to insertions
out of the HERG sequence or being inversely oriented or out-of-
frame. This yielded 121 correct insertions (7% of the transposed
clones) from which 44 additional recombinants were also discarded
due to duplication of the insertion position. Thus, we ﬁnally obtained
two collections of HERG fusion proteins with 37 unique insertions of
CFP and 40 of VFP (Fig. 1A and Table 1). In our system, taking into
account the size of the HERG cDNA target sequence (3500 bp) and the
GW1-CMV plasmid vector carrying it (8650 bp), a random transposi-
tion would be expected to result in an in-frame correctly orientated
insertion into the HERG coding regionwith a probability of 6.7%. This
percentage value compares favourably with the 7% of correct inser-
tions obtained. Nevertheless, it is important to note that once the
duplicated insertions are discarded, only 4.4% of the recovered fusion
proteins correspond to unique insertions. This is consistent with the
not entirely random behaviour of the Tn5 transposon, showing a
preference for some particular locations that tends to limit the
number of unique insertions recovered within a given target
sequence [40]. It is important to note also that the transposition
process involves a duplication of the 9 bp ﬂanking the transposon
insertion site. This generates a three amino acid duplication that adds
to the linker ﬂanking the ﬂuorescent protein [40]. Therefore we
identiﬁed the insertion site in the HERG coding region by the number
of the amino acid residue preceding the inserted amino acid triplet.
Interestingly, the 77 constructs carrying in-frame CFP or VFP protein
Fig. 1. Schematic representation of a HERG channel subunit showing the position of ﬂuorophore insertions (A) and differences in cellular localization of HERG and TRH-R ﬂuorescent
fusion proteins in living cells (B). (A) Localization of CFP or V/YFP insertions into the different regions of the HERG subunit. Refer toTable 1 for the exact position in the sequencewhere
the insertions occurred and the type of ﬂuorophore used for labeling. Different regions/domains in the channelmolecule are highlighted and signaledwith numbers, corresponding to
the amino terminal EAG/PAS and proximal domains (residues 1–135 and 136–397, respectively), the central channel core (residues 397 to 672) including S1 to S6 transmembrane
helices and the pore region between S5 and S6, and the CNBD (residues 764–836) in the carboxy terminus that extends up to residue 1159 [21,25]. Black circles, functional constructs;
white circles, non functional constructs; gray circles, not tested in the functional screening. The transposon-derived insertions and those introduced in the amino and carboxy ends by
conventional cloning procedures are shown. The ﬁve positions subsequently used for FRETmeasurements aremarkedwith arrows. (B) HEK293 cells were transiently transfectedwith
expression plasmids encoding HERG channels labeled with YFP in the amino terminus and TRH receptors fused at the carboxy end to GFP. Cells were imaged by standard bright ﬁeld
(top) and epiﬂuorescence (middle) microscopy. Fluorescence intensity proﬁles along the depicted white line are shown at the bottom. Calibration bars: 10 µm. A.u.: arbitrary units.
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in all cases ﬂuorescent fusion proteins indicating that, as previously
reported, GFP variants are able to fold properly and form a
ﬂuorophore after insertion in a variety of protein backgrounds
[40,41]. The distribution of the insertions shown in Table 1 (in which
the eight labeled variants obtained by conventional ﬂuorescent
labeling are also listed), indicates that they are spread over most ofthe HERG coding sequence (see also Fig. 1A). Five and seventeen
insertions corresponded to the EAG and the proximal domains,
respectively, with four additional insertions located up to the
beginning of the ﬁrst transmembrane helix around residue 400
[25]. This means a total of 26 insertions (33.7%) covering the initial
400 residues (34.5%) of the channel protein that correspond to the
amino terminal region. Fourteen constructs (18.1%) had insertions in
Table 1
Characteristics of the ﬂuorescent HERG fusion proteins
Construct # Insertion site
(residue #)a
Fluorescent
protein
Functional
expressionb
HERG domain
1 1 (Amino end) CFP Yes EAG
2 1 (Amino end) YFP Yes EAG
3 43 VFP No EAG
4 78 CFP No EAG
5 87 VFP No EAG
6 88 VFP No EAG
7 104 VFP No EAG
8 144 VFP Yes Proximal
9 158 VFP No Proximal
10 162 CFP Yes Proximal
11 195 CFP Yes Proximal
12 213 VFP Yes Proximal
13 219 VFP Yes Proximal
14 226 VFP – Proximal
15 227 CFP No Proximal
16 231 VFP Yes Proximal
17 232 CFP – Proximal
18 237 CFP Yes Proximal
19 251 VFP Yes Proximal
20 264 VFP Yes Proximal
21 314 CFP – Proximal
22 329 CFP Yes Proximal
23 345 CFP Yes Proximal
24 345 VFP Yes Proximal
25 376 VFP – Proximal-S1
26 379 CFP No Proximal-S1
27 379 VFP No Proximal-S1
28 390 CFP – Proximal-S1
29 399 CFP – S1 helix
30 408 CFP – S1 helix
31 411 VFP – S1 helix
32 422 CFP – S1 helix
33 515 CFP No S3–S4 loop
34 526 CFP – S4 helix
35 535 CFP – S4 helix
36 556 CFP – S5 helix
37 580 VFP No S5–Pore loop
38 596 CFP No S5–Pore loop
39 598 VFP No S5–Pore loop
40 603 VFP No S5–Pore loop
41 626 VFP No Pore
42 649 CFP – S6 helix
43 671 VFP – S6–CNBD linker
44 673 VFP No S6–CNBD linker
45 696 VFP No S6–CNBD linker
46 708 CFP No S6–CNBD linker
47 718 VFP No S6–CNBD linker
48 719 CFP – S6–CNBD linker
49 742 CFP – S6–CNBD linker
50 755 CFP – S6–CNBD linker
51 760 CFP – S6–CNBD linker
52 766 VFP No CNBD
53 772 CFP – CNBD
54 776 VFP – CNBD
55 778 CFP – CNBD
56 828 CFP No CNBD
57 846 CFP – COOH terminal
58 857 VFP No COOH terminal
59 878 VFP – COOH terminal
60 905 CFP Yes COOH terminal
61 905 VFP Yes COOH terminal
62 911 VFP No COOH terminal
63 913 VFP – COOH terminal
64 936 VFP Yes COOH terminal
65 938 CFP – COOH terminal
66 947 VFP – COOH terminal
67 961 CFP – COOH terminal
68 963 CFP – COOH terminal
69 976 VFP – COOH terminal
70 988 VFP – COOH terminal
71 993 CFP No COOH terminal
72 1025 CFP – COOH terminal
73 1030 CFP Yes COOH terminal
74 1040 VFP Yes COOH terminal
75 1062 CFP – COOH terminal
Table 1 (continued)
Construct # Insertion site
(residue #)a
Fluorescent
protein
Functional
expressionb
HERG domain
76 1065 VFP Yes COOH terminal
77 1082 VFP Yes COOH terminal
78 1102 VFP – COOH terminal
79 1116 VFP – COOH terminal
80 1123 CFP Yes COOH terminal
81 1123 VFP Yes COOH terminal
82 1158 CFP Yes COOH terminal
83 1158 VFP Yes COOH terminal
84 1159 (Carboxy end) CFP Yes COOH terminal
85 1159 (Carboxy end) YFP Yes COOH terminal
Protein constructs obtained by conventional ﬂuorescent labeling are marked in bold.
a Residue immediately before insertion except for the amino end.
b – Not determined
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670 (270 residues or 23.3% of the 1159 HERG amino acids). Finally,
nine constructs hold insertions in the linker between the S6
transmembrane segment and the cyclic-nucleotide binding domain
(CNBD), ﬁve insertions were in the CNBD, and the remaining twenty-
three were in the remaining COOH terminus of the HERG sequence.
This means that 48% of the insertions are located within the 42.1% of
the protein corresponding to the carboxy terminus beyond residue
670. Notably, almost no insertions were recovered in the segment
between the beginning of the S1 helix and the S3–S4 loop. If this
absence is due to the not totally random behaviour of the Tn5 trans-
poson or is the result of aberrant proteins that are rapidly removed by
cell degradation, remains to be established.
One of the main goals of this work was to obtain some indications
about the in vivo structural organization of HERG. Although the im-
pairment of speciﬁc protein functions upon the introduction of ﬂuo-
rescent labels in deﬁned positions could yield information about the
relevance of speciﬁc domains/structures for normal channel function-
ality, we sought to select for further work only ﬂuorescent constructs
able to form functional channels at the plasma membrane. Apart from
demonstrating the presence of properly assembled HERG channels in
the membrane, the detection of characteristic and robust HERG
currents excludes the occurrence of major defects in folding, tetra-
merization and trafﬁcking, or the presence of gross structural altera-
tions as a result of ﬂuorophore insertion. In our case, this became
particularly important because, as shown in Fig. 1B and unlike the
distinct ﬂuorescent ring at the cell perimeter exhibited by cells ex-
pressing another typical membrane protein (the thyrotropin-releasing
hormone receptor labeled with GFP variants in the carboxy terminal
end), only a diffuse ﬂuorescence pattern showing a reticular distribu-
tion throughout the cell sparing the nucleus was systematically
observed in the ﬂuorescent HERG-labeled expressing cells, regardless
of the construct used. Such a pattern was obtained both in CHO and
HEK293 cells and did not signiﬁcantly change up to 72 h after trans-
fection. We then tested by patch-clamp the function of 50 different
constructs (Table 1), corresponding to 43 internal insertions and also to
those channels terminally labeled on the amino and carboxy ends (see
Methods).
The results of the electrophysiological screening summarized in
Table 1 indicate that, except for the label introduced at the amino
terminal end of the protein, HERG-like currents are not detectable
with any of the ﬁve fusion constructs carrying the ﬂuorophore in the
EAG/PAS domain extending up to residue 135. In contrast, 11 of the 13
positions tested corresponding to the proximal domain (located bet-
ween residues 136 and 373 of HERG), yielded typical HERG currents
(see also below) when tested electrophysiologically. Remarkably, no
detectable ionic currents were observed upon expression of other
constructs with insertions up to residue 905 of the carboxy terminal
region. This included the ﬁve fusions carrying the ﬂuorophore extra-
cellularly either at residue 515 corresponding to the S3–S4 loop, or at
Fig. 2. Functional characteristics of HERG channels labeled with CFP and V/YFP in the amino and carboxy terminal ends and quantiﬁcation of FRET signals by acceptor photobleaching.
(A) Comparison of WT and ﬂuorescent HERG functional characteristics in transfected HEK293 cells expressing channels with or without the ﬂuorescent protein fused to the amino
(YFP/NH2-HERG) or the carboxy (YFP/COOH-HERG) ends, either before residue 1 or following residue 1159. Representative ionic currents in response to the indicated voltage protocol
are shown on the left. Fractional activation curves obtained by standard tail current analysis in the same cells are shown on the right. I vs. V curves normalized to maximum for
currents at the end of the depolarization step generated from cells expressing WT and YFP/NH2-HERG channels are shown in the inset. (B) Determination of donor ﬂuorescence
recovery during disruption of energy transfer by selective acceptor photobleaching. Transiently transfected CHO cells were imaged for co-expressed HERG amino terminally fused to
CFP and YFP as indicated in Methods. Shown are the relative increases in CFP intensities (in percentages) over initial levels and the remaining ﬂuorescence intensity of YFP. The
symbols represent the calculatedmean±SEM, whereas the thin lines correspond to single cell traces. The acceptor was bleached as indicated by the box. A linear regression analysis of
donor recovery vs. fractional acceptor photobleach is depicted in the inset.
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and the pore loop. On the other hand, a complete lack of functional
expression was also obtained for all tested fusions carrying the labels
in the segment linking the sixth transmembrane helix and the CNBD
or in the CNBD domain itself. However, prominent HERG-type
currents were observed in 10 out of 13 tested positions carrying
insertions in the C-terminal segment that extends from amino acid
905 to the carboxy end corresponding to residue 1159.3.2. Implementation of a FRET system to detect intersubunit interactions
between functional HERG channels ﬂuorescently labeled in the amino
and carboxy termini
The relative positions of theHERGN- and C-terminal structures and
their relationship to the channel core are unknown. It has been
proposed that interactions between the initial part of the EAG domain
and the S4–S5 linker are involved in slowing HERG closing, and that
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modulate activation gating [18,22,29,31,35]. According to this idea and
due to the short length of the HERG S4–S5 linker, we reasoned that
(unless the four-fold symmetrical organization is not maintained), the
initial segments of the four amino termini should lie relatively close
and packed below the central transmembrane pore structure. There-
fore, we started generating and characterizing N-terminal fusion cons-
tructs of HERG with CFP and YFP that could help us to implement a
FRET system useful in assessing the predicted proximity of the co-
expressed subunits. Additionally, ﬂuorescent channels labeled at the
C-terminus were also constructed for comparison.
Labeling N- and C-termini with CFP and YFP yielded totally func-
tional fusion channels as demonstrated by the appearance of typical
HERG-like currents in HEK293-(Fig. 2A) and CHO-(not shown)
transfected cells. These currents showed similar activation voltage
dependence and inward rectiﬁcation properties as those of unlabeled
channels (Fig. 2A and Table 2). However, the N-terminal ﬂuorescent
channels showed faster deactivation kinetics. Thus, the values of deac-
tivation time constants for the major fast deactivation current com-
ponent upon repolarization at −50 and −100 mV were signiﬁcantly
reduced in the presence of the amino terminal ﬂuorophore, but not in
the constructs carrying the ﬂuorescent protein at the end of the HERG
sequence at positions 1158 or 1159 (Table 2). The behaviour of the N-
terminally labeled channels is equivalent to that obtained after intro-
duction of a short HA epitope at the beginning of the amino terminus
[39] and mimics the accelerations of deactivation caused by impair-
ment of the EAG/PAS domain due to deletion of the initial sixteen
residues [22,35] or the complete domain (Δ2–135 channels, ref. [18]).
Altogether, these results indicate that the labeled subunits reliably
reproduce the normal assembly and function of the unlabeled HERG
channels.
To detect and quantify FRET signals, we measured the increase in
donor (CFP) emission during selective photobleaching of the acceptor
ﬂuorophore (YFP) under static conditions. Thus the recovery of donor
ﬂuorescence emission (a measure of steady-state FRET efﬁciency) was
monitored and expressed as the percentage of CFP emission during the
acceptor bleach. As shown in Fig. 2B, direct recording of CFP and YFP
ﬂuorescence signals from N-terminally labeled HERG constructs at
successive time points after the onset of YFP photobleaching, reveals
an increased CFP ﬂuorescence emission concomitant with progressive
YFP bleaching, which is direct evidence for FRET. Plotting normalized
CFP ﬂuorescence against that of YFP also indicated that the extent of
CFP recovery linearly correlated with decaying YFP ﬂuorescence (inset
of Fig. 2B). As an indication of FRET efﬁciency, the extrapolated
intersection of the linear regression line with the y axis at FYFP=0
yielded an FCFP increase of 15.64±1.34% (n=15) that corresponds to aTable 2
Electrophysiological characteristics of the ﬂuorescent HERG fusion proteins
Label position and/or transfection V0.5 (mV) ZG Activation t
(0 mV)
Wild-type −2.2±2.8 2.2±2.8 465±56
1 −7.8±1.4 2.3±0.2 305±31
345 −16.6±1.9a 2.5±0.2 226±25a
905 −20.9±4.5a 2.2±0.1 218±35a
1123 −4.0±3.9 2.3±0.3 271±19a
1158 −9.0±1.3 1.9±0.2 230±25a
1159 4.0±4.0 1.9±0.3 –
Double 1+345 −6.8±4.2 3.0±0.5 298±89
Double 1+905 −3.7±5.9 2.9±0.2 154± 31a
Double 1+1158 0.3±3.9 2.3±1.5 279±48
Double 345+905 −13.5±5 3.4±0.3 270±110
Double 345+1158 −6.7±2.7 2.5±0.1 331±37
Co-transfected 1 and 1158 −15.5±2.0a,b 2.9±0.4 125±18a,b
a Pb0 .05 versus Wild-type.
b Pb0.05 versus 1- and 1158-labeled channels.FRET efﬁciency of 13.53±1.16 (see Methods). These data demonstrate
the existence of a substantial FRET between the N-labeled subunits of
HERG, suggesting a relatively close packing of their amino terminal
structures in the tetramer.
To demonstrate that the recorded FRET signals are due to properly
assembled HERG complexes and not to unordered aggregates formed in
deﬁned cell compartments or to random encounters between diffusing
overexpressed channel subunits, we performed some additional con-
trols. Although the detection of robust HERG currents unequivocally
demonstrates the presence of properly assembled fusion proteins in the
plasma membrane, the diffuse ﬂuorescence pattern consistently
observed in HERG-expressing cells (see above), made it necessary to
ensure that the detected FRET signals were not mainly due to miss-
assembled channels retained in intracellular structures. As shown in Fig.
3A for an illustrative construct, the averaged FRET efﬁciency was
indistinguishable when the determination was performed using the
total cell area, the central part of the cells, or only the region corres-
ponding to theouter border,mostly representing theplasmamembrane.
Statistically equivalent FRET values were observed when data derived
from whole cell images were compared with those of the same
construct, using the ﬂuorescence signals detected at the tip of patch
pipettes carrying membrane patches excised from the ﬂuorescent
HERG-expressing cells (Fig. 3B).
As a further demonstration of FRET coming from speciﬁcally
assembled protein complexes, we always veriﬁed that the FRET efﬁ-
ciency did not signiﬁcantly vary with different CFP or YFP ﬂuorescence
intensities, and that it was independent of the channel density and/or
the expression levels over awide range (Fig. 3C). Only experiments and
channel constructs showing a similar absence of correlation between
measured EFRETandﬂuorochromeexpression levelswere subsequently
considered for analysis. Finally, as shown in Fig. 3D, the FRETefﬁciency
became much lower than that obtained with N-terminally labeled
pairs after using two presumably non-interacting proteins, namely
HERG channels and the rat vanilloid receptor VR1, both labeled in the
amino terminus [3.78±0.45 (n=76) vs. 13.53±1.16 (n=15); Pb0.0001],
or the TRH receptor and HERG also labeled at the amino end (not
shown). This indicates that FRET is only observed between labeled
subunits assembled in one channel but not between merely co-loca-
lized subunits. It also deﬁnes a lower limit of EFRET below 4 as an
indication of FRET not coming from speciﬁc homotetrameric assembly
of HERG channel subunits.
Next, we assessed FRET efﬁciency upon the expression of C-
terminally labeled HERG constructs either alone or in combination
with N-terminal fusion constructs. Currents analogous to those
mediated by native HERG channels were obtained in cells expressing
ﬂuorescent channels labeled at the C-terminus either at position 11590.5 (ms) Deactivation τ (MS) n
(+20 mV) (−50 mV) (−100 mV)
Fast Slow Fast
152±6 176±23 1190±51 63±10 3–12
– 63±5a 386±20a 18±2a 3–11
– 120±10 856±106a 30±10 4
– 136±7 1195±131 40±22 3
– 150±27 873±30 42±2 5
– 181±16 901±25 46±12 4
– 98±4 654±7 – 4
142±26 42±3a 202±14a 14±1a 4
– 59±3a 411±85a – 3
145±26 57±6a 318±82a 21±4a 4–9
101±17 152±10 811±82a 39±2a 4
– 132±7 705±17a – 4
82±15a 85±8a,b 596±64a,b 29±3a,b 4–6
Fig. 3. Veriﬁcation of FRET signals speciﬁcity between assembled tetramer subunits of amino terminus-labeled HERG channels. (A) Comparison of whole-cell (top a) FRET levels and
those determined separately either in a deﬁned region over the plasma membrane (bottom a) or in the rest of the cell body. Calibration bar: 10 µm. The ﬂuorometric determinations
were performed on regions of interest as indicated in a, deﬁned over the whole-cell area of the transfected CHO cells (b,c left), the outer border mostly representing the plasma
membrane (b,c middle) or only the cell center excluding the outer border (b,c right) of the same cells. The donor ﬂuorescence recovery during selective photobleaching of the
acceptor was determined as described in Fig. 2B. Quantitative EFRET levels obtained as indicated in Methods for the indicated areas are compared in panel c. (B) Comparison of FRET
levels in the whole-cell and in membrane patches excised from cells expressing the same HERG protein construct. a, microphotographs of the imaged cells and excised membrane
patches under epiﬂuorescence (left) or bright-ﬁeld (right) illumination. Calibration bar: 10 µm. The white circle indicates the area fromwhich ﬂuorescence recordings were obtained
upon patch excision. b, time-course of donor and acceptor ﬂuorescence variation in excised patches submitted to acceptor photobleaching. Averaged EFRET levels from four
independent measurements are indicated. c, comparison of EFRET in excised patches and whole-cell recordings from cells expressing the same fusion construct. (C) Independence of
EFRET on ﬂuorescent protein expression levels. Single cell data plotted against the expression level of YFP-HERG are shown. The results of a linear regression to the data are overlaid.
(D) Comparison of FRET levels between the N-terminally-labeled CFP-HERG/YFP-HERG pair and YFP-HERG co-expressed with VR1 labeled with CFP in the amino terminus. Linear
regression analysis of donor recovery vs. fractional acceptor photobleach for the CFP-HERG/YFP-HERG and CFP-VR1/YFP-HERG pairs is shown in the central panel. The donor
ﬂuorescence recovery during selective photobleaching of the acceptor for the pair CFP-VR1/YFP-HERG is shown in the inset. n.s.: not signiﬁcant vs. whole-cell.
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basal FRETsignalwas observed following co-expression ofN-terminally
CFP-labeled channels with those carrying V/YFP ﬂuorophores at
positions 1158 or 1159 (EFRET 3.07±0.68, n=16 and 3.06±0.5, n=19;
Fig. 4). These data further support the speciﬁcity of the FRET detected
between the amino terminals. Interestingly, FRET signals signiﬁcantly
elevated above the control HERG/VR1 pair were obtained when C-
terminally V/YFP-labeled HERG (with the ﬂuorophore at residues 1158or 1159) were co-expressedwith subunits labeledwith CFP in the same
positions [EFRET 7.52±1.48 (n=6) and 9.37±0.48 (n=31), respectively;
Fig. 4]. Similar FRET efﬁciencies were measured in cells co-expressing
ﬂuorescent channelswithCFPandVFPboth at positions 1123 (9.9± 0.47,
n=21) and when channel subunits labeled at residue 1123 were co-
expressed with those labeled at residue 1158 (8.32±0.82, n=7). These
results and the functional integrity of theﬂuorescent constructs suggest
that failure to detect signiﬁcant FRET signals between channel subunits
Fig. 4. FRET efﬁciencies between HERG subunits labeled in the amino and carboxy termini. Different combinations of HERG channels labeled with CFP or Y/VFP at residues indicated
on the abscissawere co-expressed in CHO cells and FRETefﬁciencies were quantiﬁed as described inMethods. Each bar represents themean±SEM of 2–5 co-transfection experiments
for the indicated number of cells. FRET levels following co-expression of the putatively non-interacting VR1 and HERG proteins are shown for comparison. Combinations showing a
signiﬁcantly increased (Pb0.05) FRET signal as compared with the VR1/HERG pair are marked with an asterisk. N.s.: not signiﬁcant vs. VR1/HERG. A schematic representation of a
HERG channel subunit topology showing the position of the ﬂuorescent labels (black circles) is shown in the inset. Transmembrane helices S1–S6, the position of the pore region
between S5 and S6 and the situation of the EAG and CNBD domains in the amino- and carboxy-terminals, respectively, are highlighted. No signiﬁcant differences are present between
the EFRET values of 1158/1158, 1159/1159, 1123/1123 and 1123/1158 pairs.
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terminally labeled subunits to assemble properly as a result of
disruption of a putative tetramerization domain located in the carboxy
terminus. It can be argued that even though C-terminally labeled
homotetrameric channels are readily assembled, the low FRET levels
observed in cells co-expressing N- and C-terminally labeled subunits
are due to lack of heterotetrameric assemblies. Two lines of evidence
indicate that heteromers are indeed formed in these cells. First, robust
HERG-like currents with electrophysiological characteristics unlike
those observed in cells expressing channels only labeled in the aminoor
the carboxy termini are observed in the co-transfected cells. As shown
in Table 2, the activation voltage dependence and kinetics of these
currents do not correspond to those expected from a simple mixture of
amino- and carboxy-labeled channels, strongly arguing in favor of the
presence of additional subunit combinations. Second, properly
assembled functional channels are obtained with double-labeled
constructs carrying ﬂuorophores attached to both the amino and the
carboxy termini, demonstrating that up to eight ﬂuorescent proteins
can be introduced in these positions without impairing channel
function (see below). Interestingly, the lower EFRET values in cells
expressing carboxy-labeled constructs as compared to those obtained
upon expression of subunits labeled in the amino terminus, also
indicate that although the C-terminal labels of the channel subunits are
separated by a distance yielding a detectable FRET signal, such a
distance is likely higher than that between the amino termini labels.
Moreover, the detection of similar FRET values with the 1123/1123,
1158/1158, 1159/1159 and 1123/1158 pairs suggests that the smaller
FRET signals between C-terminally labeled subunits are not only due to
variations in the relative orientation of the ﬂuorophores, but they
reﬂect increased distances between the carboxy termini of the subunitsin the channel tetramer as compared with those separating the amino
terminal ends.
3.3. Estimations of intramolecular distances between ﬂuorophores
introduced in the amino and carboxy ends
In a tetrameric structure, both adjacent and diagonal distances
between the ﬂuorophores will contribute to the distance estimated
from FRETmeasurements. As indicated in theMethods section, almost
exclusively 2:2 and/or 1:3 CFP:YFP-labeled subunit stoichiometries are
expected to produce FRET under our experimental conditions. As
schematically illustrated in Fig. 5A, in a 2:2 stoichiometry two
equivalent arrangements of donor and acceptor labels are produced
inwhich a given donor is surrounded by an adjacent- and a diagonally-
located (2:2a combination) or two adjacent (2:2b) acceptors. In a 1:3
stoichiometry the energy transfer of the donorwill be directed towards
two adjacent and a diagonal acceptor. Assuming a Ro value of about
5 nm see (Methods) and since the same residues in the different
subunits of the tetramermust be located in an x–y plane parallel to the
cell membrane maintaining a symmetrical structure with respect to
the central axis of the channel, the calculation of FRET efﬁciencies as a
function of the interﬂuorophore distances for adjacent CFP/YFP pairs
arranged in a 2:2 or 1:3 tetrameric structure yields the curves shown in
Fig. 5B. Considering our FRET measurements once the non-speciﬁc
FRET (3.78 of the HERG/VR1 pair) is subtracted and using the 2:2
arrangement as a standard, the speciﬁc EFRET value obtained with the
co-expressed CFP/YFP amino terminal constructs (9.75±1.61) would
mean a separation of 7.76±0.24 nm between the labels in adjacent
subunits (with a ≈11 nm diagonal separation), when the ﬂuorophores
are located in the amino termini of the four HERG channel subunits
Fig. 5. Determination of intramolecular distances between labels introduced in identical positions of the four subunits assembled in a HERG channel tetramer. (A) Diagrammatic
representations of possible energy transfer pathways for labeled subunit tetramers in a fourfold symmetrical arrangement and 2:2 or 1:3 stoichiometry. Mathematical expressions for
EFRET calculation as a function of the distance “d” between adjacent ﬂuorophores for a single pair (1:1) and 2:2 or 1:3 stoichiometries are shown. The product of d times square root of
2 (1.4142d) corresponds to the diagonal distance according to the Pythagoream theorem. Donor and acceptor ﬂuorophores are represented by solid and open circles, respectively. (B)
Dependence of EFRET on adjacent distance between ﬂuorophores in individual tetramer subunits. Calibration curves were obtained using the expressions indicated in A and
correspond to a 1:1 single pair (dashed line), 2:2a and 2:2b combinations (lower and upper dotted lines, respectively), the averaged EFRET in the 2:2 stoichiometry (lower solid line)
and the EFRET in the 1:3 arrangement (upper solid line). Extrapolated distance values for EFRET obtained with HERG channels labeled in the amino terminal end or following residues
345, 905 or 1159, are signalled with arrows. Net or speciﬁc EFRET values after subtraction of unspeciﬁc FRET obtained with the VR1/HERG pair were used. For more explanations see
text. (C) Schematic representations of interﬂuorophore distances corresponding to speciﬁc EFRET values obtained from expressed HERG channels labeled with the ﬂuorophores as
indicated.
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for C-terminal labeled channel subunits (speciﬁc EFRET 5.59±0.93)
suggests that the carboxy terminal labels would be placed at a distance
of 8.58±0.26 nmbetween adjacent subunits (corresponding to ≈12 nm
of diagonal separation).
The localization of the four amino and carboxy end labels in two
square planes of ≈7.8 and ≈8.6 nm lateral sizes and the absence of
speciﬁc FRET between pairs of constructs labeled in the amino and the
carboxy termini, excludes the possibility that the N-termini are copla-
nar with the carboxy ends. This lack of FRET signals could be consi-
dered as an indication that a considerable distance exists between the
planes limited by the amino- and the carboxy-located ﬂuorophores.However, since in this case the donor and acceptor labels are in
different subunits and they can be located at different distances from
the membrane (z), the number of possible pathways for energy
transference is increased due to positioning of the labels in two planes
for which torsion angles are unknown. Due to the high sensitivity of
FRET todistance, it could bepossible that even though a relatively short
vertical distance between both planes could exist, only a negligible
EFRET is observed due to the diagonal separation between ﬂuorophores
in different subunits. To solve this uncertainty, we generated a double-
labeled HERG construct carrying the donor and acceptor ﬂuorophores
in the amino and carboxyends of the same subunit. Since this construct
has an inherent 1:1 CFP:YFP stoichiometry, it was also used to calibrate
Fig. 6. Functional expression and determination of FRET level of the construct double-
labeled in the amino and carboxy terminal ends. (A) Functional expression of double-
labeled HERG channel subunits. A schematic representation of the construct indicating
the location of the yellow and cyan labels in residues 1 and 1158 is shown in the inset.
Representative ionic currents from transiently transfected CHO cells in response to the
indicated voltage protocol are shown. Averaged fractional activation curves normalized
tomaximum for currents at the end of the depolarization step (open circles) or obtained
by standard tail current analysis (closed circles) in the same cells are shown at the
bottom. (B) Determination of donor ﬂuorescence recovery during photobleaching of the
acceptor. Relative increases in CFP ﬂuorescence over initial levels and the remaining
ﬂuorescence intensity of YFP were obtained from transiently transfected CHO cells as
detailed in the legend of Fig. 2. The symbols represent the calculated mean±SEM,
whereas the thin lines correspond to single cell traces. The averaged value of EFRET is
indicated on the graph.
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system, bymeasuring the FYFP/FCFP ratio of the transfected cells. Thus,
we veriﬁed that the YFP ﬂuorescence appeared 10.1±0.6 fold brighter
than that of CFP (n=32). Unexpectedly, robust HERG-type currents
were systematically observed in patch-clamped cells transfected with
the CFP/YFP double-labeled channel. These currents showed the
typical rectiﬁcation properties of HERG at positive voltages and a
voltage dependence slightly shifted tomore depolarized values (Fig. 6A
and Table 2). As expected from the presence of an EAG/PAS function
blocker particle in the amino terminus (see above), they also exhibiteda faster deactivation time course than the unlabeled channels. This
demonstrates that the tetrameric channel with eight ﬂuorescent
proteins attached at the ends of the subunits is still able to correctly
assemble in the membrane and recapitulate the function of conven-
tional HERG channels.
Performance of FRET measurements with the double-labeled
channels yielded a signiﬁcant amount of FRET (EFRET 11.64±0.62,
n=23; Fig. 6B] between the amino and carboxy terminal labels. To
interpret these data in terms of intramolecular distances, we consi-
dered the two extreme situations inwhich the square planes delimited
by the amino and carboxy terminal labels are arrangedwith no angular
torsion or with a maximal 45° rotation between them (Supplemental
Fig. 1A). Subsequently, calibration curves for FRET efﬁciencies as a
function of the vertical distance between both planes were generated,
considering all possible triangulations between points at the vertices
of the squares (Supplemental Fig. 1B). Extrapolation of the net EFRET
(7.86±1.07) obtained with the double-labeled construct to these cali-
bration curves, yielded a vertical distance between the planes deli-
mited by the amino and carboxy terminal labels ranging from 7.30 to
7.79 nm.
Knowing the vertical separation between the amino and carboxy
end labels, we turned back to our FRET datawith co-expressed CFP and
YFP individual constructs, and considered all possible combinations for
arranging them in the 2:2 or 1:3 stoichiometries expected to produce
FRET under our experimental conditions and under the two extreme
situations: no angular torsion ormaximal 45° rotation between planes
(Supplemental Fig. 2). Next, calibration curves corresponding to these
arrangements were generated relating FRET efﬁciencies and vertical
distance betweenplanes. As shown in Supplemental Fig. 3, calculations
of expected FRET efﬁciencies as a function of vertical distances fol-
lowing all possible triangulations indicated that, for a vertical sepa-
ration between planes of 7.30 to 7.79 nm, the only arrangement for
which no signiﬁcant FRET is expected (as observed after co-expression
of amino terminus CFP-labeled subunits with V/YFP-labeled channels
at positions 1158 or 1159; see above), corresponds to a combination
with the unlabeled carboxy terminus of a given subunit directly below
the labeled amino of the same subunit andwith no remarkable angular
torsion between planes.
3.4. FRET measurements and estimations of intramolecular distances
with HERG channels labeled at residues 345 and 905
Whereas FRET can give a measure of the proximity of ﬂuorescent
molecules, FRET efﬁciencies can be affected by other variables leading
to misinterpretation of the data in terms of intramolecular distances
(see below). To avoid this possibility, we tried to obtain further con-
viction from the availability of multiple labeled constructs, performing
additional triangulations with new reference points that could help us
to validate our distance estimations. Our initial goal of using cons-
tructs with ﬂuorophores located close to the transmembrane helices
to gain some insight on the position of the amino and the carboxy
termini with respect to the central channel core, were hampered by
the fact that none of the fusion proteins tested with insertions
between residues 345 and 905 yielded functional HERG channels
(Table 1). Thus, we chose to use channels labeled at these two posi-
tions for further work. To perform an analysis similar to that described
for the amino and carboxy ends, we generated two additional
constructs in which the CFP and VFP labels introduced by transposi-
tion after residues 345 and 905 were changed to VFP and CFP, respec-
tively see (Methods). Four double-labeled proteins carrying donor and
acceptor ﬂuorophores in the same subunit were also constructed with
CFP and VFP at residues 1 and 345, 345 and 1158, 1 and 905, or at
residues 905 and 1158. In this case, an FVFP/FCFP ratio of 13.1±0.7
(n=78) was observed in cells expressing these double-labeled cons-
tructs, indicating a thirteen-fold increased brightness of VFP versus
CFP for a 1:1 molar ratio in our optical set-up.
Fig. 7. Functional expression and FRET measurements with HERG channels labeled at residue 345 and in different combinations. (A) Representative ionic currents from transiently
transfected cells expressing HERG channels labeled with GFP variants at residues 379, 345 or either both 1 and 345 (Double 1/345) or 345 and 1158 (Double 345/1158). 1 s
depolarization pulses up to +60 mV in 20 mV increments from a holding voltage of −80 mV were delivered to the cells, followed by a 2 s repolarization period at −50 mV. Note the
complete absence of HERG-like currents using the 379-labeled construct and the expanded time scale and the fast deactivating tail currents for the double 1/345 construct. (B)
Determination of donor ﬂuorescence recovery during acceptor photobleaching in cells either co-expressing HERG channels carrying CFP and VFP at residues 345/345, 1/345 and
345/1159, or transfected with double-labeled subunits with donor and acceptor ﬂuorophores at residues 1 and 345 or 345 and 1158. Relative increases in CFP ﬂuorescence over
initial levels and the remaining ﬂuorescence intensity of YFP were obtained from transiently transfected CHO cells as detailed in the legend of Fig. 2. The symbols represent the
calculated mean±SEM, whereas the thin lines correspond to single cell traces. (C) Comparison of EFRET for channels labeled as indicated in panel B. FRET levels from the HERG/VR1
pair and from co-expressed channels labeled with CFP and YFP in the amino end are also shown for comparison. Bars represent the mean±SEM of 2–5 transfections for the indicated
number of cells. Data corresponding to co-transfections with 4 µg DNA of the double-labeled constructs plus 4 µg of the plasmid containing wild-type HERG are also shown.
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able to form functional channels in the plasma membrane, as de-
monstrated by the presence of HERG-like currents in transfected
HEK293 and/or CHO cells (Figs. 7A and 8A). Interestingly, whereas slow
deactivating currents with similar kinetics as those of unlabeled HERG
were observed in cells expressing 345, 905 and double-labeled 345/
1158 constructs, very fast decaying tail currents at −50 mV were
observed in cells transfected with double-labeled 1/345 and 1/905
channels (see alsoTable 2). Again, this indicates that whereas blockade
of EAG/PAS domain functionality by introducing the protein ﬂuoro-
phore in the amino terminus does not impair the ability of the fusion
proteins to assemble, tetramerize and be functionally expressed in theplasmamembrane, it effectively constrains the ability of this domain to
slow down HERG channel closing.
The results of FRETmeasurements using channel subunits labeled at
position 345 combined with those labeled in the amino and carboxy
termini in several combinations are summarized in Fig. 7B,C. It can be
observed that a substantial amount of speciﬁc FRET is exhibited by cells
co-expressingHERG subunits labeledwith CFPandVFPboth at positions
345 (12.85±0.55, n=11) or 1 and 345 (18.48±0.87, n=15) and also in
cells expressing the double labeled 1/345 construct (10.55±0.66, n=29).
However, only a basal FRET efﬁciency is obtained in cells carrying
double-labeled 345/1158 channels (4.36±0.35, n=34: not signiﬁcant
versus HERG/VR1 expressing cells). A small but signiﬁcant EFRET was
Fig. 8. Functional expression and FRET measurements with HERG channels labeled at residue 905 and in different combinations. (A) Representative ionic currents from cells co-
expressing HERG channels labeled with CFP and VFP at residue 905 (top) or transfected with double labeled subunits carrying ﬂuorophores both at residues 1 and 905 (Double 1/905)
or 345 and 905 (Double 345/905). 1 s depolarization pulses up to +60 mV in 20 mV increments from a holding voltage of −80 mV were delivered to the cells, followed by a 2 s
repolarization period at −50 mV. Note the expanded time scale and the fast deactivating tail currents obtained with the double labeled 1/905 construct. (B) Determination of donor
ﬂuorescence recovery during acceptor photobleaching in cells either co-expressing HERG channels carrying CFP and VFP at residues 905/905, 1/905, 905/1158 and 345/905, or in cells
transfected with subunits double-labeled at residues 1 and 905 or 345 and 905. Relative increases in CFP ﬂuorescence over initial levels and the remaining ﬂuorescence intensity of
YFP were obtained from transiently transfected CHO cells as detailed in the legend of Fig. 2. The symbols represent the calculated mean±SEM, whereas the thin lines correspond to
single cell traces. (C) Comparison of EFRET for channels labeled as indicated in panel B. Bars represent themean±SEM of 2–5 transfections for the indicated number of cells. FRET levels
from the non-interacting HERG/VR1 pair and from co-expressed channels labeled with CFP and YFP in the amino end are also shown for comparison. Data corresponding to co-
transfections with 4 µg DNA of the double labeled constructs plus 4 µg of the plasmid containing wild-type HERG are also shown.
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and 1159 (6.14±0.38, n=20; Pb0.05 vs. HERG/VR1).
It is important to note that EFRET remained almost the same when
4 µg of plasmid DNA coding for unlabeled HERG plus 4 µg of DNA
containing the double-labeled 1/345 construct was used for transfec-
tion (Fig. 7C). These total amounts and proportions of plasmid DNA
were chosen to maintain as much as possible the viability of the
transfected cells and also enough of a ﬂuorescence level of the double-
labeled protein to perform the FRET measurements. Similar results
were obtained when unlabeled wild-type HERG was co-expressedwith double-labeled constructs 345/1158, 1/905 and 345/905 (Figs. 7C
and 8C) or 1/1158 (EFRET 8.6±0.42, n=20). In all cases, only moderate
reductions in EFRET ranging from 7%with the double 1/345 to 27%with
the double 345/1158 constructs were observed. As expected, the
relatively small effect caused by introduction of an excess of unlabeled
HERG is not due to reduced expression of this protein, as shown by the
appearance of slowly deactivating HERG currents in cells co-expres-
sing the fast deactivating 1/1158, 1/345 or 1/905 double-labeled
channels and wild-type HERG (not shown). These results add further
support to the interpretation that the FRET signals are mainly due to
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expressed molecules. It should also be noted that depending on the
stoichiometry and torsion of the channel oligomers, some EFRET
reductions are possible even with speciﬁcally assembled tetramers in
which unlabeled subunits are combined with double-labeled ones.
Thus, as illustrated by the possible transference pathways shown in
Supplemental Fig.1A, lower efﬁciencieswill be obtained if only a single
donor and acceptor pair carried by a given subunit is included in the
tetrameric channel schemes, eliminating the additional energy
transferences to unlabeled adjacent partners. It might also be possible
that some subtle modiﬁcation of the relative orientation of both
ﬂuorophores takes place in the otherwise speciﬁcally assembled
molecules, when part of the eight ﬂuorophore tetramers produced by
expressing the double labeled constructs alone are changed to lower
order ﬂuorescent oligomers by introduction of non-ﬂuorescent
subunits, leading to some variation in the observed FRET levels.
Equivalent data to those corresponding to 345-labeled channels,
but obtained with different combinations of channel subunits labeled
at residue 905 and other positions, are shown in Fig. 8B,C. In these
cases, cells co-expressing donor- and acceptor-labeled subunits at
position 905 yielded an EFRET value of 11.9±0.85 (n=31). The FRET
efﬁciency was even higher upon expression of the double-labeled
constructs 1/905 (17.5±0.8, n=18) and 345/905 (15.03±1.1, n=16). On
the other hand, a considerably smaller EFRET was recorded in cells co-
expressing HERG subunits labeled with CFP and VFP at positions 1 and
905 (7.0±0.75, n=9) or at positions 905 and 1158 (6.51±0.33, n=30).
Finally, a FRET efﬁciency of 9.23±0.57 (n=22) was obtained upon co-
expression of 345- and 905-labeled HERG channel subunits.
Interpretation of these FRET efﬁciencies as previously detailed for
the case of the amino and carboxy end pairs indicates that, for the
9.07±1.0 net EFRET obtained after co-expressing CFP and VFP pairs
labeled at residue 345, the square x–y plane corresponding to the
labels at position 345 of the tetrameric structure would have a side
size of 7.87±0.16 nm (Fig. 5B,C). According to this value and given
the ≈8.6 nm lateral size of the plane delimited by the carboxy end
labels, the negligible speciﬁc FRET obtained with the double labelled
345/1158 channel means that the vertical separation between the
345 and the 1158 label planes is at least 9–10 nm regardless of the
angular torsion established between them (see Supplementary Fig. 1
for a detailed description of the procedures analogously used to ﬁnd
the corresponding vertical distance with 1/1158 double labeled
channels). Since these data indicate a slightly longer vertical distance
separating the 345 and COOH label planes than the NH2 and COOH,
the 345-located ﬂuorophores are slightly above those introduced at
the amino termini. Application of an equivalent analysis to the
double-labeled 1/345 data predicts a vertical separation of between
7.7 (with 45° torsion) and 8.1 nm (without torsion) for the planes
corresponding to the 1 and 345 labels (but see below).
Knowing the lateral size of the NH2, COOH and 345 planes and
the vertical separation between them, it should be possible to use
the data obtained by co-expressing pairs of subunits labeled at those
positions to further deﬁne their relative arrangement and, more
importantly, to validate the previously calculated distances. The
results of this analysis are presented in Supplemental Fig. 4A,B. It can
be observed that for a vertical distance of 9–10 nm separating the
345 and 1159 ﬂuorophore planes, a FRET efﬁciency of around 2
would be expected, providing that a sizeable torsion is present (see
Supplemental Fig. 4B). This nicely ﬁts with the 2.36±0.83 value of
net EFRET exhibited by cells co-expressing 345- and 1159-labeled
subunits (Fig. 7C), but not with the total absence of FRET expected
for channels in which the vertices of the 345 and 1159 label planes
are perpendicular without any angular torsion.
Interestingly, since the planes delimited by the amino and carboxy
end-located labels do not showany sizeable torsion between them (see
above), an angular rotation similar to that encountered between the
labels in the 345 and 1159 positions should also exist between the 1-and 345-located labels. This is conﬁrmed by the FRET level obtained
with the 1 and 345 pair co-expressing cells. The 14.7±1.32 speciﬁc
EFRET obtained in this case (Fig. 7C), the highest value of all the tested
combinations, is not consistent with the EFRET value below 10 expected
for any vertical distance separating the 1 and 345 label planes if no
angular torsion exists between them. Note also that if this torsion does
not occur, such distanceswould never be lower than 4–5 nmdue to the
dimensions of the GFP-based ﬂuorophores. Therefore, only an effective
range of FRET efﬁciencies of around 2 or less can be expected under
these circumstances. Finally, even though the high EFRETobservedwith
the 1/345 pair seems to lie above that expected for the 7.7–8.1 nm
vertical separation predicted by the double-labeled 1/345 data (see
above), it is likely that this distance became increased in the double-
labeled construct (but not so much in the co-transfected pair) by some
steric collision between labels. It is also possible that in this case the
physical proximity of both labels could force a more unfavorable
orientation of both ﬂuorophores, someway contributing to reduce the
observed FRET level.
The performance of an analogous analysis using the results obtain-
ed with different combinations of 905-labeled channels indicates that
the 8.12±1.3 net EFRETof cells co-expressing subunits labeled at residue
905 means an 8.12±0.24 nm side size for the quadratic plane corres-
ponding to the labels at this position (Fig. 5B,C). The 13.72±1.25 net
EFRET obtained with the double-labeled 1/905 construct (Fig. 8B,C)
predicts a vertical separation of 6.33 to 6.96 nm between the amino
and 905 ﬂuorophore planes, both for arrangements with no angular
torsion or maximal 45° rotation, respectively. According to these
distances, a FRETefﬁciency of between 5 and 19would be expected for
co-expressed 1- and 905-labeled channels if torsion is present, but
only of around 3 with no angular torsion (Supplemental Fig. 4C).
Therefore, the 3.32±1.2 net EFRET obtained under these circumstances
(Fig. 8C) suggests that no angular torsion exists between the planes
deﬁned by the amino terminus- and 905-located labels. This is further
supported by the data from cells co-expressing 905- and 1158-labeled
subunits. In this case, the 2.73±0.78 net EFRET (Fig. 8B,C) would also be
consistent with the EFRET value below 5 expected for an almost vertical
positioning of the 905 and 1158 labels, but very different from the EFRET
above 10 predictedwith torsion between them (Supplemental Fig. 4E).
Finally, a rotated 345 planewith respect to non-torsionedNH2, 905 and
COOH planes, predicts a 4–7 EFRET level after co-expression of 345- and
905-labeled subunits. This is indeed coherent with the 5.45±1.02 net
EFRET measured in these cells (Fig. 8B,C), a FRET level that would not be
obtained if ﬂuorophores at the 345 and 905 positions were vertical to
each other, since in this situation almost no FRET would be expected
(Supplemental Fig. 4D).
4. Discussion
Here, we have generated a library of ﬂuorescent HERG channel
constructs carrying CFP and V/YFP in multiple positions of the HERG
coding sequence, to study by FRET the relative arrangement of
different regions in the protein. The labeled channelswere functionally
expressed in HEK293 and CHO cells. Remarkably, despite the insertion
of a largeﬂuorescent domain in the channel protein,manyHERG fusion
proteins are still fully functional. Essentially, we found that fusion of
the ﬂuorescent proteins to the cytoplasmic regions corresponding to
the proximal domain in the amino terminus or the ﬁnal segment of the
carboxy terminus do not compromise channel function. However,
apart from the construct carrying the label at the ﬁrst amino acid of the
protein, no functional channels were detected upon insertion of the
reporter ﬂuorophores in the initial portion of the amino terminus
corresponding to the EAG/PAS domain, in the central channel core, or
in the segment after the sixth transmembrane helix including the
linker between S6 and the CNBD and the CNBD itself.
The localization of the permissive insertions only in speciﬁc areas
of the sequence may provide some insights about the structural
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the context of the whole channel. Thus, it is likely that more
deleterious effects are expected by insertion of the labels in an
internally located domain when compared to insertions in a surface
aqueous-exposed region. The lack of functionality of the C-linker- and
CNBD-labeled constructs would be coherent with the localization of
this region as a compact tetrameric structure in a central position
immediately below the cytoplasmic pore opening as previously
proposed for HCN and TRP channels [8,10]. Indeed, the participation
of this region in the tetrameric assembly of HERG has been also
proposed [11]. Similarly, a compact EAG/PAS domain would also be
compatible with its ability to form tetramers in vitro in the absence of
the rest of the protein, and to inhibit the functional expression of wild-
type HERG [16]. However, this protein segment only forms monomers
in crystal structures [18] and channels carryingN-terminal truncations
that delete the EAG/PAS domain can form functional channels in the
plasmamembrane [18–22], even though reduced current densities are
systematically obtained upon expression of constructs lacking either
the EAG/PAS domain or most of the amino terminus (e.g., Δ2–135 of Δ
2–370 deletions; C. Alonso-Ron et al. unpublished). Interestingly,
relatively long distances (corresponding to around 8–9 and 11–12 nm
for adjacent and diagonal separations) between labels at equivalent
positions of the four subunits, are suggested from our FRET-derived
measurements using fully functional HERG channels. This suggestsFig. 9.Molecular arrangement of the ﬂuorescent labels introduced in the HERG cytoplasmic d
(a) and the amino terminus-labeled construct (b). The models were constructed using surface
HCN2 (PDB ID: 1Q5O) and the HERG EAG/PAS domain (PDB ID: 1BYW) or a ribbon representa
molecule (yellow spheres). The different components are shown at the same scale. The Kv1.2
blue, yellowandmagenta. The position of the S4–S5 loop has beenmarked in red. Note that the
removed for a better view of the assemblies. The rotation of these structures around the cent
direct its amino terminal end (red spheres) towards the S4–S5 loop in the channel core. Bo
preventing any superposition of themolecular volumes. Note also the good correspondence o
molecules in the position corresponding to the amino ends) and those calculated from FRETm
C terminus possibly located below the illustrated compositions, are not shown. (B) Relative pos
345, 905 and 1159 (COOH) of HERG. The transmembrane core of Kv1.2 is shown at the top as
molecule at the same scale is shown in the upper inset. The positions of the amino and carboxy
host (black circle) are indicated. Lower inset. Ribbon diagram of Kv1.2 viewed from the cyto
generated using the UCSF Chimera from Computer Graphics Laboratory, University of Califorthat in our case the ﬂuorescent labels may be mainly localized in
peripheral positions, including those introduced in the amino end.
We propose therefore that the C-linker/CNBD region hangs cen-
trally below the transmembrane core, in a similar fashion to that
described for the same tetrameric region of HCN2 [10]. Unlike the
central T1 domain position underneath the core of Kv channels [2–6],
the amino terminus of HERG probably tracks to the periphery
surrounding the C-linker/CNBD and extending to its bottom, where
the proximal domain and the distal carboxy terminus might interact.
As depicted in the homology model shown in Fig. 9A, it is likely that
the EAG/PAS domain is establishing extensive contacts with the top
and side surfaces of the C-linker/CNBD, helping to explain the
functional interaction of the initial part of the N-terminus with the
gating machinery, but also the disruptive effects of introducing
voluminous labels in the EAG/PAS that could considerably perturb
the central channel structures. Remarkably, the ﬁve positions in the
EAG/PAS domain carrying a label (residues 43, 78, 87, 88 and 104)
appear in quite different locations encircling the surface of the crystal
EAG/PAS structure [18], making unlikely that all of them are directed
towards a central space in the channel. However, all of them appeared
non-functional. This opens the possibility that the EAG/PAS is still
surrounded by other portions of the protein as recently proposed for
the T1 domain of Kv2.1 [55]. Thus, further work would be necessary to
check if the proximal domain and/or the carboxy terminus extend toomains and homology model of the channel. (A) Homology models of the HERG channel
representations of the Kv1.2 pore region (PDB ID: 2A79), the C-linker/cNBD region from
tion of YFP (PDB ID: 1F0B) showing the position of the chromophore in the center of the
representation presents the four subunits of the tetramer differently coloured in green,
fourth C-linker/cNBD, EAG/PAS andYFP structures located nearest the viewer have been
ral vertical axis of the complex is arbitrary. The position of the EAG/PAS has been ﬁxed to
th the EAG/PAS and the YFP structures have been docked against the channel complex
f the interﬂuorophore distances in the construct represented in panel b (carrying the YFP
easurements. The unknown structures of the proximal domain and the remainder of the
ition and approximateddistances betweenﬂuorophores introduced inpositions 1 (NH2),
a reference. A ribbon representation of YFP showing the approximate dimensions of the
ends of theﬂuorescent protein and the approximate location of the insertionpoint in the
plasmic face with the S4-S5 in red. Molecular representations and combinations were
nia, San Francisco (supported by NIH P41 RR-01081).
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wrapping around it.
A question about the structural combinations shown in Fig. 9A is
whether the volume of the EAG/PAS domain and the distances and
volumes of the attached GFP variants could ﬁt into the general
dimensions of the model. In this respect it is worth noting that the
separation between the channel core and the CNBD domains is pro-
bably longer than the arbitrarily set distance shown in Fig. 9A. Since the
three-dimensional structure of theHERG channel transmembrane core
is unknown, we used as a reference the atomic structure recently
determined by X-ray crystallography for Kv1.2 [56], a voltage-depen-
dent K+ channel showing a 26% identity and 43% similarity to HERG in
the transmembrane helices and pore regions (data not shown). Thus,
whereas in the Kv1.2 core structure the C-terminal end of the S6 helix
lies closely associated to the internal surface of the plasma membrane
due to its angular bending at the level of the PVP sequence, in HERG
which lacks such a motif, the S6 should emerge from the trans-
membrane channel core in a more linear and tubular-like way. This
topology has been recognized in the three-dimensional organization
of other channels lacking the PVP signature such as KcsA [57] and in
the recently determined crystal structure of the cyclic nucleotide-
regulated channel MlotiK [58]. As previously suggested [8,59], it is
likely that at least in some channel states the C-linker region
following S6 also exists in an extended and more tubular-like
tetrameric arrangement than the vertically collapsed crystal structure
of the isolated HCN C-linker/CNBD depicted in Fig. 9A [10]. This would
increase the separation between the membrane surface and the CNBD
structures allowing for a better approximation of the EAG/PAS and/or
the GFP variants to the central axis of the tetramer. Finally, assuming
a peripheral localization of the GFP-derived ﬂuorophores either
longitudinally or transversely projecting from the channel structure
(Fig. 9Ab), the ≈8 nm lateral size of the planes deﬁned by the centre of
the labels would localize their insertion points at a shorter distance
(4–6 nm at both sides) from the central axis. For the labels introduced
in the amino termini, that seem to interact with the S4–S5 loop, this
distance would be consistent with the 3–6 nm range in which this
loop is located relative to the central axis (lower inset of Fig. 9).
Unfortunately, the use of non-functional HERG constructs to check a
more compact localization of other labels towards the protein centre
is hampered by the possibility of strong structural alterations in these
constructs as a result of ﬂuorophore insertion. Subsequently, we
focused our efforts in those channel constructs exhibiting an intact
functionality, indicative of no major distortions as a result of labeling.
There are two possible concerns regarding the utility of our FRET
measurements to obtain information about the molecular organiza-
tion of HERG. The ﬁrst one relates to the speciﬁcity and quantiﬁcation
of the obtained signals and the second refers to the real meaning of
the calculated interﬂuorophore distances. Due to the dependence of
FRET from intra- and intermolecular distances between ﬂuorophores,
it could be expected that measuring the amount of energy transfer
allows the determination of donor-acceptor distance [60–62]: the
farther apart the ﬂuorophores, the less energy transfer. However, it is
also possible to obtain a considerable FRET signal in spite of a
relatively long intramolecular distance due to unspeciﬁc random
encounters produced by overexpression of labeled molecules. Con-
versely, a low FRET signal and/or a long estimated distance may be
obtained even when a short interﬂuorophore separation exists if an
inappropriate Förster distance (Ro, see below) is used or a complex
(e.g., tetrameric) stoichiometry is present.
Regarding the ﬁrst concern, our measurements of donor de-quen-
ching upon acceptor photobleaching provide a simple and practical
approach to unequivocally identify the existence of FRET signals,
since such an increase in ﬂuorescence would be achieved only if FRET
is present. Conversion of the ﬂuorescence intensities into molar ratios
by normalizing the intensity ratios to those of a donor–acceptor
tandem imaged at the same settings, and exclusion from the analysisof those cells showing a low acceptor-to-donor ratio, ensured that
only cells in which most of the donor is coupled to an acceptor were
considered. This minimized the possible inﬂuence of unpaired donors
(αD factor, see Methods) to measured EFRET ensuring that the
measured values closely approach the true FRET efﬁciency. Control
of EFRET independence from the ﬂuorochrome expression levels over
a wide range, the demonstration of equivalent FRET levels when
measurements are done with the whole cell ﬂuorescence or when
they are restricted to plasma membrane regions in which properly
assembled functional channels are located, and the systematic
subtraction of signals coming from non-interacting molecules were
used as an indication that our signals came from the speciﬁc
assembly of ion channel subunits and not from random encounters
or formation of bulk aggregates as a result of construct over-
expression.
Performance of a quantitative analysis of FRET signals obtained
with a pair of ﬂuorophores provides a unique opportunity to discern
the distance between donor and acceptor under physiological
conditions and in a natural environment within the intact cell, using
the Förster equation EFRET=Ro6/Ro6+d6 [45,48,49,52,60,62], where d
stands for the interﬂuorophore distance and Ro corresponds to the
distance at which EFRET is 0.5 (≈5 nm for the CFP/YFP pair assuming a
random orientation distribution corresponding to a relative dipole
orientation factor κ2 of 2/3; [48,51,52]). As indicated previously, our
data with the 1/1123, 1/1158 and 1/1159 pairs and the equivalent EFRET
values between the 1123-, 1158- or 1159-located ﬂuorophores of the
four subunits suggest a quite random orientation of the labels.
Previous analysis of the possible errors introduced by assuming κ2=2/
3 also indicated that the uncertainty in distance introduced by the
orientation factor is relatively small, usually less than 20% [43,60,61].
There is also evidence that covalently attached GFP variants are quite
mobile under physiological conditions and anisotropy measurements
indicate that they adopt random orientations [63,64]. Altogether, this
indicates that within certain limits our FRET data can be interpreted in
terms of distance, allowing a reasonable view of the global dimensions
of HERG. It is important to emphasize that our measurements using
different combinations of ﬂuorescent labels located in different
positions also provide an additional method to validate the measured
distances. Thus, the ﬁnal estimation of the distance between two
given positions lies not only in the FRET data from channel constructs
carrying the ﬂuorophore partners in these positions, but also in the
combination of measurements done with a number of labels in order
to conﬁrm that the calculated distances are coherent with those
obtained with other pairs.
A limitation of inferring distances and/or structures from GFP-
based ﬂuorophores is that the GFP chromophores are located in the
centre of a barrel-like entity ≈2.5 nm in diameter and ≈4 nm long
(see inset of Fig. 9B). Apart from restricting the minimum distance
detectable by FRET with a single CFP/YFP pair to the 5–10 nm range
due to donor–acceptor steric collision, the calculated distances
would correspond to those separating the CFP and V/YFP chromo-
phores, not to those between the residues to which the labels are
attached, limiting the spatial resolution of our measurements and
the interpretation of FRET in terms of intramolecular distances. The
interﬂuorophore distances estimated here have been incorporated
into the models shown in Fig. 9 that are mostly consistent with our
FRET measurements. Evidently the absolute coordinates shown
cannot be considered as indicative of the real distances separating
the protein residues, but they can contribute to better deﬁne the
relative position of some channel domains. Our data indicate that the
amino and carboxy end-located ﬂuorescent labels and those
introduced at position 905 of the four channel subunits delimit
three parallel square planes without sizeable torsion between them,
placing the centre of the labels introduced after residues 905 and
1158/1159 almost vertically aligned with those attached to the amino
terminal end. This contrasts with the near 45° rotation of the
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separation predicted between the planes delimited by the 1 and 345
labels, it could be argued that the proposed rotation of the 345-
located labels is not related to a non-vertical arrangement of the
corresponding positions in the protein structure, but forced by
competing packing problems due to the big size of the tags.
However, our data also predict a similar torsion between the 345-
and the 905- or 1158-located labels that are separated from the 345
ﬂuorophores by a long distance. Note that if the 345-attached label
rotation is simply due to an angular trajectory of the 345-attached
label that rotates it (clockwise or counter clockwise), or if it is the
result of a structural torsion of the channel protein that places the
345 position near the amino end of a non-adjacent subunit remains
to be established.
Our data also indicate that whereas a vertical distance of around
8–9 nm exists between the planes limited by the amino and carboxy
end labels, only around 1–2 nm separate the 345 and 905 planes from
the amino and the carboxy terminal ends, respectively. Interestingly,
the accuracy of these values is basically conﬁrmed by the coincidence
of distances reported by the 345/NH2, 345/905, 345/COOH, 905/NH2
and 905/COOH pairs.
Even though our analysis only includes the four positions for which
the measured distances were unequivocally assessed and validated by
“multiple molecular triangulation”, it can yield some valuable infor-
mation about the overall channel arrangement. In fact, an upside-
down organization of the cytoplasmic labels with respect to that
schematized in Fig. 9B could also be compatible with the calculated
distances. We ﬁnd the proposed location of the amino and carboxy
termini towards the central core as the most probable arrangement of
the channel protein for three reasons. First, placing the 345 position
away from the channel core and the carboxy end close to it would
imply a very long distance between the limit of the ﬁrst transmem-
brane helix and residue 345, due to the ≈10 nm vertical separation
reported here between the 345 and the carboxy planes, plus an
additional separation from the membrane surface (top vertical arrow
and question mark in Fig. 9B), corresponding to the cavity that sepa-
rates the cytoplasmic domains from the transmembrane core in the
two-layered architecture of the HERG-related Kv and CNG channels
[4,56,65,66]. Second, residue 345 lies only a fewamino acids away from
the short HERG sequence (residues 362–366) recently recognized as a
keymodulator ofHERG activation byelectrostatic interactionswith the
gating machinery in the channel core [21,37]. Third, the closest posi-
tion of the amino termini towards the central channel core as shown in
Fig. 9 is mostly compatiblewith the previously proposed interaction(s)
of the initial part of the EAG/PAS domain with the transmembrane
channel structure [22,29,31,35]. It is also tempting to speculate that the
position of the 345 label, closer to the membrane surface but sizeably
rotated with respect to the amino ends might be related to the
presence of a pathway allowing for a physical interaction between the
initial portion of the amino terminus and the gating machinery, likely
at the level of the S4–S5 loop [22,29,35]. It is possible that in this case,
the position of residue 345 above the amino terminus could be due to
its location in the connectors linking the transmembrane core and the
hanging bulk of the cytoplasmic domains [4,56,65,66].
We believe that the qualitative features of this model certainly
provide a useful initial constraint on the coarse structure of the
channel oligomer, clarifying the relative arrangement of some key
landmarks on the cytoplasmic domains of HERG. Even though our data
were obtained with large ﬂuorophores, making it possible that they
are forced into a limited number of vacant spaces in the channel
periphery, our results delimit at least two clearly differentiated and
spatially separated spots for the amino and the carboxy ends of the
protein. Additional triangulation with other members of our ﬂuor-
escent HERG channel library using the general methodology depicted
here should render very helpful data to position other parts of the
protein. On the other hand, it can be anticipated that our collection ofHERG fusion proteins could constitute an excellent basis for subs-
tituting the GFP variants with shorter peptides to which small ﬂuo-
rophores such as biarsenical dyes [67] can be speciﬁcally attached. The
use of these smaller ﬂuorophores combined with the procedures,
triangulations and expressions detailed in this report could also help
to conﬁrm the relative dimensions reported here.
Acknowledgments
We thank Dr. Hugo Cabedo from University Miguel Hernández in
Alicante (Spain) the gift of the N-terminal-tagged VR1 construct. We
also thank Dr. Luisa María Sierra for her geometrical considerations.
This work was supported by grants SAF2003–00329 from Ministerio
de Ciencia y Tecnología and BFU2006–10936 from Ministerio de
Educación y Ciencia of Spain (both partially co-ﬁnanced by FEDER
European funds), and grant IB05–002 from Principado de Asturias
(Spain). Finance support from Dirección General de Universidades e
Investigación of Asturias for acquisition of the image equipment (ref.
EQPT02–36) is also acknowledged. P.M. holds a predoctoral fellowship
from FICYT of Asturias (ref. BP03–108). D.G.M. and C.A.R. are pre-
doctoral fellows from the Spanish Ministerio de Ciencia y Tecnología
(refs. AP2000–4363 and BES-2004–3872).
Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.bbamcr.2008.06.009.References
[1] F.M. Ashcroft, From molecule to malady, Nature 440 (2006) 440–447.
[2] G. Yellen, The voltage-gated potassium channels and their relatives, Nature 419
(2002) 35–42.
[3] M. Ju, L. Stevens, E. Leadbitter, D. Wray, The roles of N- and C-terminal
determinants in the activation of the Kv1.2 potassium channel, J. Biol. Chem.
278 (2003) 12769–12778.
[4] O. Sokolova, A. Accardi, A.D. Gutierrez, A. Lau, M. Rigney, N. Grigorieff,
Conformational changes in the C terminus of Shaker K+channel bound to the rat
Kvβ2-subunit, Proc. Natl. Acad. Sci. U.S.A. 100 (2003) 12607–12612.
[5] L.A. Kim, J. Furst, D. Gutierrez, M.H. Butler, S. Xu, S.A.N. Goldstein, N. Grigorieff,
Three-dimensional structure of Ito: Kv4.2-KchIP2 ion channels by electron
microscopy at 21 A resolution, Neuron. 41 (2004) 513–519.
[6] B. Callsen, D. Isbrandt, K. Sauter, L.S. Hartmann, O. Pongs, R. Bähring,
Contribution of N- and C-terminal Kv4.2 channel domains to KChIP channel
interaction, J. Physiol. (Lond.) 568 (2005) 397–412.
[7] T.P. Roosild, K-T. Lê, S. Choe, Cytoplasmic gatekeepers of K+-channel ﬂux: a
structural perspective, Trends Biochem. Sci. 29 (2004) 39–45.
[8] N. García-Sanz, A. Fernández-Carvajal, C. Morenilla-Palao, R. Planells-Cases, E.
Fajardo-Sánchez, G. Fernández-Ballester, A. Ferrer-Montiel, Identiﬁcation of a
tetramerization domain in the C terminus of the vanilloid receptor, J. Neurosci. 24
(2004) 5307–5314.
[9] J.W. Taraska, W.N. Zagotta, Cyclic nucleotide-regulated ion channels: spotlight on
symmetry, Structure 15 (2007) 1023–1024.
[10] W.N. Zagotta, N.B. Olivier, K.D. Black, E.C. Young, R. Olson, E. Gouaux, Structural
basis for modulation and agonist speciﬁcity of HCN pacemaker channels, Nature
425 (2003) 200–205.
[11] Q. Gong, D.R. Keeney, J.C. Robinson, Z. Zhou, Defective assembly and trafﬁcking of
mutant HERG channels with C-terminal truncations in long QT syndrome, J. Mol.
Cell. Cardiol. 37 (2004) 1225–1233.
[12] S. Kupershmidt, T. Yang, S. Chanthapahychith, Z. Wang, J.A. Towbin, D.M. Roden,
Defective human ether-a-go-go-related gene trafﬁcking linked to an endoplasmic
reticulum retention signal in the C terminus, J. Biol. Chem. 277 (2002)
27442–27448.
[13] F. Shoeb, A.P. Malykhina, H.I. Akbarali, Cloning and functional characterization of
the smooth muscle ether-a-go-go-related gene K+ channel, J. Biol. Chem. 278
(2003) 2503–2514.
[14] A. Akhavan, R. Atanasiu, T. Noguchi, W. Han, N. Holder, A. Shrier, Identiﬁcation of
the cyclic-nucleotide-binding domain as a conserved determinant of ion-channel
cell-surface localization, J. Cell. Sci. 118 (2005) 2803–2812.
[15] A.D.C. Paulussen, A. Raes, R.J. Jongbloed, R.A.H.J. Gilissen, A.A.M. Wilde, D.J.
Snyders, H.J.M. Smeets, J. Aerssens, HERG mutation predicts short QT based on
channel kinetics but causes long QT by heterotetrameric trafﬁcking deﬁciency,
Cardiovasc. Res. 67 (2005) 467–475.
[16] X. Li, J. Xu, M. Li, The human Δ1261 mutation of the HERG potassium channel
results in a truncated protein that contains a subunit interaction domain and
decreases the channel expression, J. Biol. Chem. 272 (1997) 705–708.
1699P. Miranda et al. / Biochimica et Biophysica Acta 1783 (2008) 1681–1699[17] P. Phartiyal, E.M.C. Jones, G.A. Robertson, Heteromeric assembly of HERG 1a/1b
channels occurs cotranslationally via amino terminal interactions, J. Biol. Chem.
282 (2007) 9874–9882.
[18] J.H. Morais-Cabral, A. Lee, S.L. Cohen, B.T. Chait, M. Li, R. MacKinnon, Crystal
structure and functional analysis of the HERG potassium channel N terminus: a
eukaryotic PAS domain, Cell 95 (1998) 649–655.
[19] R. Schönherr, S.H. Heinemann, Molecular determinants for activation and
inactivation of HERG, a human inward rectiﬁer potassium channel, J. Physiol.
(Lond.) 493 (1996) 635–642.
[20] P.S. Spector, M.E. Curran, A. Zou, M.T. Keating, M.C. Sanguinetti, Fast inactivation
causes rectiﬁcation of the IKr channel, J. Gen. Physiol. 107 (1996) 611–619.
[21] C.G. Viloria, F. Barros, T. Giráldez, D. Gómez-Varela, P. de la Peña, Differential
effects of amino-terminal distal and proximal domains in the regulation of human
erg K+ channel gating, Biophys. J. 79 (2000) 231–246.
[22] J. Wang, M.C. Trudeau, A.M. Zappia, G.A. Robertson, Regulation of deactivation by
an amino terminal domain in Human ether-a-go-go-related gene potassium
channels, J. Gen. Physiol. 112 (1998) 637–647.
[23] D.L. Minor Jr, Potassium channels: life in the post-structural world, Curr.Op. Struct.
Biol. 11 (2001) 408–414.
[24] A. Varshney, M.K. Mathew, A tale of two tails: cytosolic termini and K+ channel
function, Prog. Biophys. Mol. Biol. 83 (2003) 153–170.
[25] J.W. Warmke, B. Ganetzky, A family of potassium channel genes related to EAG in
Drosophila and mammals, Proc. Natl. Acad. Sci. U.S.A. 91 (1994) 3438–3442.
[26] M.C. Sanguinetti, M. Tristani-Firouzi, hERG potassium channels and cardiac
arrhythmia, Nature 440 (2006) 463–469.
[27] E. Wanke, R. Restano-Cassulini, Toxins interacting with ether-a-go-go-related
gene voltage-dependent potassium channels, Toxicon 49 (2006) 239–248.
[28] E. Raschi, V. Vasina, E. Poluzzi, F. De Ponti, he hERG K+channel: target and
antitarget strategies in drug development, Pharmacol. Res. 57 (2008) 181–195.
[29] M.C. Sanguinetti, Q.P. Xu, Mutations of the S4-S5 linker alter activation properties
of HERG potassium channels expressed in Xenopus oocytes, J. Physiol. (Lond.) 514
(1999) 667–675.
[30] P.L. Smith, G. Yellen, Fast and slow voltage sensor movements in HERG potassium
channels, J. Gen. Physiol. 119 (2002) 275–293.
[31] J. Liu, M. Zhang, M. Jiang, G-N. Tseng, Negative charges in the transmembrane
domains of the HERG K channel are involved in the activation- and deactivation-
gating processes, J. Gen. Physiol. 121 (2003) 599–614.
[32] D.R. Piper, W.A. Hinz, C.K. Tallurri, M.C. Sanguinetti, M. Tristani-Firouzi, Regional
speciﬁcity of hERG channel activation and inactivation gating, J. Biol. Chem. 280
(2005) 7206–7217.
[33] M. Zhang, J. Liu, G-N. Tseng, Gating charges in the activation and inactivation
processes of the HERG channel, J. Gen. Physiol. 124 (2004) 703–718.
[34] T. Ferrer, J. Rupp, D.R. Piper, M. Tristani-Firouzi, The S4-S5 linker directly couples
voltage sensor movement to the activation gate in the human ether-a-go-go-
related gene (hERG) K+channel, J. Biol. Chem. 281 (2006) 12858–12864.
[35] J. Wang, C.D. Myers, G.A. Robertson, Dynamic control of deactivation gating by a
soluble amino-terminal domain in HERG K+ channels, Biophys. J. 115 (2000)
749–758.
[36] J. Chen, A. Zou, I. Splawski, M.T. Keating, M.C. Sanguinetti, Long QT syndrome-
associated mutations in the Per-Arnt-sim (PAS) domain of HERG potassium
channels accelerate deactivation, J. Biol. Chem. 274 (1999) 10113–10118.
[37] J.B. Saenen, A.J. Labro, A. Raes, D.J. Snyders, Modulation of HERG gating by a charge
cluster in the N-terminal proximal domain, Biophys. J. 91 (2006) 4381–4391.
[38] D. Gómez-Varela, F. Barros, C.G. Viloria, T. Giráldez, D.G. Manso, S.G. Dupuy, P.
Miranda, P. de la Peña, Relevance of the proximal domain in the amino-terminus
of HERG channels for regulation by a phospholipase C-coupled hormone receptor,
FEBS Lett. 535 (2003) 125–130.
[39] D. Gómez-Varela, P. de la Peña, J. García, T. Giráldez, F. Barros, Inﬂuence of amino-
terminal structures on kinetic transitions between several closed and open states
in human erg K+ channels, J. Membrane Biol. 187 (2002) 117–133.
[40] D.L. Sheridan, C.H. Berlot, A. Robert, F.M. Inglis, K.B. Jakobsdottir, J.R. Howe, T.E.
Hughes, A new way to rapidly create functional, ﬂuorescent fusion proteins: ran-
dom insertion of GFP with an in vitro transposition reaction, BMC Neurosci. 3
(2002) 7.
[41] T. Giráldez, T.E. Hughes, F.J. Sigworth, Generation of functional ﬂuorescent BK
channels by random insertion of GFP variants, J. Gen. Physiol. 126 (2005)
429–438.[42] A. Miyawaki, R.Y. Tsien, Monitoring protein conformations and interactions by
ﬂuorescence resonance energy transfer between mutants of green ﬂuorescence
protein, Meth. Enzymol. 327 (2000) 472–500.
[43] M.G. Erickson, B.A. Alseikhan, B.Z. Peterson, D.T. Yue, Preassociation of calmodulin
with voltage-gated Ca2+ channels revealed by FRET in single living cells, Neuron
31 (2001) 973–985.
[44] R.N. Day, F. Schaufele, Imaging molecular interactions in living cells, Mol. Endo-
crinol. 19 (2005) 1675–1686.
[45] E.B. Van Munster, G.J. Kremers, M.J.W. Adjobo-Hermans, T.W.J. Gadella Jr,
Fluorescence resonance energy transfer (FRET) measurement by gradual acceptor
photobleaching, J. Microsc. 218 (2005) 253–262.
[46] C.L. Takanishi, E.A. Bykoiva, W. Cheng, J. Zheng, GFP-based FRET analysis in live
cells, Brain Res. 1091 (2006) 132–139.
[47] P. Miranda, T. Giráldez, P. de la Peña, D.G. Manso, C. Alonso-Ron, D. Gómez-Varela,
P. Domínguez, F. Barros, Speciﬁcity of TRH receptor coupling to G-proteins for
regulation of ERG K+ channels in GH3 rat anterior pituitary cells, J. Physiol. (Lond.)
566 (2005) 717–736.
[48] V. Raicu, D.B. Jansma, R.J.D. Miller, J.D. Friesen, Protein interaction quantiﬁed in
vivo by spectrally resolved ﬂuorescence resonance energy transfer, Biochem. J.
385 (2005) 265–277.
[49] T. Zal, N.R.J. Gascoigne, Photobleaching-corrected FRET efﬁciency imaging of live
cells, Biophys. J. 86 (2004) 3923–3939.
[50] H. Amiri, G. Schultz, M. Schaefer, FRET-based analysis of TRPC subunit
stoichiometry, Cell Calcium 33 (2003) 463–470.
[51] G.H. Patterson, D.W. Piston, B.G. Barisas, Förster distances between green
ﬂuorescent protein pairs, Anal. Biochem. 284 (2000) 438–440.
[52] E. Biener-Ramajunan, V.K. Ramajunan, B. Herman, A. Gertler, Spatio-temporal
kinetics of growth hormone receptor signalling in single cells using FRET
microscopy, Growth Horm. IGF Res. 16 (2006) 247–257.
[53] B. Corry, D. Jayatilaka, P. Rigby, A ﬂexible approach to the calculation of resonance
energy transfer efﬁciency between multiple donors and acceptors in complex
geometries, Biophys. J. 89 (2005) 3822–3836.
[54] E.A. Jares-Erijman, T.M. Jovin, FRET imaging, Nat. Biotechnol. 21 (2003) 1387–1395.
[55] B. Adair, R. Nunn, S. Lewis, I. Dukes, L. Philipson, M. Yeager, Single particle image
reconstruction of the human recombinant Kv2.1 channel, Biophys. J. 94 (2008)
2106–2114.
[56] S.B. Long, E.B. Campbell, R. MacKinnon, Crystal structure of a mammalian voltage-
dependent Shaker family K+ channel, Science 309 (2005) 897–903.
[57] D.A. Doyle, J. Morais-Cabral, R.A. Pfuetzner, A. Kuo, J.M. Gulbis, S.L. Cohen, B.T.
Chait, R. MacKinnon, The structure of the potassium channel: Molecular basis of
K+conduction and selectivity, Science 280 (1998) 69–77.
[58] G.M. Clayton, S. Altieri, L. Heginbotham, V.M. Unger, J.H. Morais-Cabral, Structure
of the transmembrane regions of a bacterial cyclic nucleotide-regulated channel,
Proc. Nat. Acad. Sci. USA 105 (2008) 1511–1515.
[59] K.V. Craven, W.N. Zagotta, Salt bridges and gating in the COOH-terminal region of
HCN2 and CNGA1 channels, J. Gen. Physiol. 124 (2004) 663–677.
[60] L. Stryer, Fluorescence energy transfer as a spectroscopic ruler, Ann. Rev. Biochem.
47 (1978) 819–846.
[61] R.M. Clegg, Fluorescence resonance energy transfer and nucleic acids, Meth.
Enzymol. 211 (1992) 353–388.
[62] P.R. Selvin, Fluorescence resonance energy transfer, Meth. Enzymol. 246 (1995)
300–334.
[63] I. Riven, E. Kalmanzon, L. Segev, E. Reuveny, Conformational rearrangements
associated with the gating of the G protein-coupled potassium channel revealed
by FRET microscopy, Neuron 38 (2003) 225–235.
[64] J. Zheng, M.D. Varnum, W.N. Zagotta, Disruption of an intersubunit interac-
tion underlies Ca2+ -calmodulin modulation of cyclic nucleotide-gated chan-
nels, J. Neurosci. 23 (2003) 8167–8175.
[65] M.K. Higgins, D. Weitz, T. Warne, G.F.X. Schertler, U.B. Kaupp, Molecular
architecture of a retinal cGMP-gated channel: the arrangement of the cytoplasmic
domains, EMBO J. 21 (2002) 2087–2094.
[66] M. Pioletti, F. Findeisen, G.L. Hura, D.L. Minor Jr., Three-dimensional structure of
the KchIP-Kv4.3 T1 complex reveals a cross-shaped octamer, Nat. Struct. Mol. Biol.
13 (2006) 987–995.
[67] B.R. Martin, B.N.G. Giepmans, S.R. Adams, R.Y. Tsien, Mammalian cell-based
optimization of the biarsenical-binding tetracysteine motif for improved
ﬂuorescence and afﬁnity, Nat. Biotechnol. 23 (2005) 1308–1314.
